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Abstract

Developing droplet systems capable of controlled movement has attracted a lot of attention
because of their applications in different areas such as bioassays and high-throughput synthesis.
Droplet movement has been achieved utilizing chemical, thermal or optical stimuli, with
chemical stimulus (to develop a chemotactic system) and light stimulus (to develop a
phototactic system) two of the most common. In such systems, the movement of droplets is
based on generating tension gradients at the droplet interface resulting in a Marangoni flow in
the direction of the gradient and droplet motion in the opposite direction by conservation of
momentum.
This dissertation focuses on the development and characterization of new phototactic and
chemotactic droplet systems. The phototactic droplet systems are based on light irradiation of
a photoactive spiropyran or protonated merocyanine that is within the organic droplet, which
moves due to the resulting spiropyran/merocyanine photoisomerization reaction changing the
surface tension of the droplet/water interface. The photoactive materials used were either a
commercially available nitro-functionalised spiropyran (SP) or the dodecylbenzenesulphonate
salt of the protonated merocyanine of SP (MCH+:DBS-). The characterization of the phototactic
systems and investigation of the mechanism of droplet motion was explored using UV-visible,
fluorescence and resonance Raman spectroscopies, along with the study of the interfacial
tension (IFT) change of the droplets.
Achieving light-directed movement for simple organic droplets suggested that this simple
system could be utilized to design light-driven double emulsions. This was explored using the
organic droplet as an oily shell with an aqueous core incorporated into it. Controlled lightdirected motion and transport of double emulsion droplets was achieved for the first time as
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well as on-demand release of particles from the droplets. This system could open up the
opportunity for controlled delivery of drugs, cells or other water-based materials.
The ability of the merocyanines used in the light-activated droplets to be protonated and
deprotonated offered the opportunity to use this chemistry to create chemotactic droplet
movement using a base. This was investigated using MCH+:DBS- based droplets in both
surfactant-free and surfactant-containing aqueous media in different geometries such as
channels, mazes and 3D containers. Chemotactic droplet movement was achieved in all the
geometries using sodium hydroxide as a chemoattractant and, depending on the pH gradient
and channel geometry, variable modes of motion were observed. Using movement within the
maze, the different modes of motion were identified in collaboration with researchers at the
Max Planck Institute for Dynamics and Self Organisation in Göttingen, Germany.
This deprotonation reaction of protonated merocyanines was then utilized to develop paperbased sensing of liquid and vapor base. Two newly synthesised MCH+ materials were
incorporated into paper and shown to provide colorimetric sensing for both organic bases and
ammonia.
Incorporating a photoinitiator within a droplet led to the development of a new phototactic
droplet, which moved as a result of a light-induced reaction within the droplet generating a
Marangoni flow. The photoinitiator not only drove the droplet motion but could also be used
to initiate polymerization following transfer of the droplet to a specific location and its merging
with a monomer-containing droplet. Light is used to control both the transport of the droplet
and the polymerization. The efficacy of this droplet transport and reactor system was
demonstrated by the site-specific underwater polymerization of N-isopropylacrylamide to
repair a leaking vessel and adhere two materials together under water.
Finally, other applications of the phototactic droplets were explored including the creation of
an electrical switch, the release of liquid from a container, the ability of the droplets to move
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on wet surfaces and push gas bubbles, and as a way to mix a series of droplets to create chemical
reactions.
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edge of the water. The photos were taken from Movie 4-1.
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right-hand panel schematically demonstrates five different distances between NaOH and the
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Figure 4-9. Photographs of MCH+DBS- droplet motion in the Teflon channel filled with SDBS
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channel and stopped after 65 sec. Photos were taken from Movie 4-4.
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2 (NIPAM) was placed on the edge of Gore-Tex membrane and droplet 1 was placed on the

xxvi

glass slide; (ii) irradiating light pushed droplet 1 toward 2; (iii) droplets were mixed and; (iv)
continuous irradiating light for four minutes made a solid polymer such that lifting up the GoreTex led to glass slide lifting as well. All photos were taken from Movie 5-12.
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Chapter 1 (Introduction)

1

1.1

Artificial transport inspired by biological systems

Transportation of organism in fluidic environment is vital for many biological systems. For
instance, cell migration is essential for many physiological mechanisms such as inflammatory
immune responses, morphogenesis, wound repair and tumor metastases.1 The locomotion of
live cells involves various biochemical and biophysical elements. The cells motion can be
random or directional. For instance, bacteria and somatic cells move due to stimuli in their
environment.2, 3
The biological process of cell motion is complicated and depends on the mode of cell
movement and the cell type.4, 5 For example, swimming of bacterial cells6 is basically different
with migration of many mammalian cell types.7
The movement of cell in a defined direction is important for certain physiological tasks. This
oriented migration of cells is an ordered process, which is mainly orchestrated by the various
interactions that happen between cells and their tissue environments.8
The transport in short distances (such as in intracellular scale) is usually attained by cargocarrying motor proteins, which act similar to conveyor belts in a factory. But in natural fluids,
active transport needs a biological “motor” to drive a carrier in the fluid like a miniature
submarine.9 Mimicking this approach in artificial fluidic systems to obtain the controlled
transport of materials, has the potential to provide innovative capabilities to fluidic platforms,10
and offer greater functionalities for applications such as diagnostics,11 chemical cargo
transport12, 13 and targeted drug-delivery.14

1.2

Different types of taxis

The movements of cells, which are in response to a stimulus is called taxis. Depend on types
of stimulus, there are many types of taxis, including aerotaxis (stimulation by oxygen),15, 16
anemotaxis (stimulation by wind)17, barotaxis (stimulation by pressure) , chemotaxis
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(stimulation by chemicals) , durotaxis (stimulation by stiffness) , electrotaxis or galvanotaxis
(by electric current), gravitaxis (stimulation by gravity) , hydrotaxis (stimulation by moisture),
magnetotaxis (stimulation by magnetic field), phototaxis (stimulation by light) and thermotaxis
(stimulation by changes in temperature).18, 19
There are several cases of chemotaxis and phototaxis in nature.
Chemotaxis is known as the movement of cells in the presence of a chemical. Chemoattractants
are chemicals to which cells react. A cell moves in the direction in which chemical gradient
increases for a chemoattractant, whereas for a chemorepellents it moves in the reverse
direction. For Escherichia coli (E. coli), sugars, amino acids and peptides are used as
chemoattractants while antibiotics, metal ions and toxic chemicals are considered as
chemorepellents.15 Chemotaxis is essential for existence, which means cells can not survive if
they not to be able to reach their right destinations.2 This direct movement toward the gradient
of attractive chemical substances, and away from repellent toxic substance is a must for
unicellular microorganisms survival. Pfeffer and Englemann were the pioneers for discovering
bacterial chemotaxis.3
Phototaxis is movement of an organism in response to a light stimulus. In 1963 Shropshire
undertook a comprehensive study about photoresponses of Phycomyces, which is a genus of
fungus.20 In 1990 Sineshchekov et al. showed that green flagellated algae possess an extremely
developed photoreception mechanism, which enables them to sense spatial scattering of light
intensity and the direct toward the light source.21
To develop artificial taxis systems, mobile objects such as liquids and solids have attracted a
lot of attention as they have potential to be used as probes or sensors to explore hazardous
zones and as carriers to transport or remove materials.22-24 Meanwhile, liquid droplets carry out
simple tasks and their motion can be programmed via several external stimuli.25-28 Thus, the
liquid droplets can imitate the taxis behavior of living organisms in artificial systems. Their
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mode of motion can be controlled by the components of system and/or chemical reactions. In
the following sections, the mechanism of droplet motion in tactic systems is described.
Following that some chemotactic and phototactic droplet systems will be explained.

1.3

Mechanism of motion in artificial systems

There is an inevitable relation between propulsion in artificial microswimmers systems and
tension gradient. The tension gradients are capable to create an oriented mass transfer along
the interface between two phases, which is known as the Marangoni effect.29
Spontaneous motion of alcohol-water mixture as well as tears of wine are phenomena related
to the Marangoni effect that was found more than 150 years ago.30 In a glass of wine the
Marangoni effect can be simply observed by eye, the phenomenon known as “tears of wine”
(Figure 1-1, left). The difference in evaporation rates of ethanol and water causes a
concentration gradient of ethanol and consequently a surface tension gradient (Figure 1-1,
right). The resulting stresses lifts the liquid upward against gravity by some millimetres.

Figure 1-1. (left) Tears of wine, (right) schematic representation of tears of wine, which are created by
the Marangoni effect.30

In artificial microswimmers, non-equal surface tension distribution on the surface of a droplet,
creates a mass transfer at the droplet interface from areas of lower interfacial tension (IFT) to
higher IFT, which is called Marangoni flow (Figure 1-2, blue arrows). This in turn creates an
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internal flow in the opposite direction that is toward the low IFT area through the inner centre
part of the droplet (Figure 1-2, red arrows) and the droplet moves in this direction by the
conservation of momentum.31 Figure 1-2 schematically shows a model of flow in and around
the droplet resulting in droplet movement.

Figure 1-2. Schematic representation of difference in surface tension of droplet resulting in an external
Marangoni flow (blue lines) and convective current inside the droplet (red lines), which moves the
droplet in this direction. Black arrow shows the direction of motion.31

Seemann et al. physically described this effect. When the surface tension changes along an
interface, its gradient has the dimension of a stress. In case of liquid/liquid interfaces this stress
from surface tension gradients needs to be balanced by viscous stresses in the liquids, which
leads to a viscous shear flow that induces a current at the interface in the direction of increasing
surface tension.30
Schmitt et al. explained that a simple way to create Marangoni flow is a non-equal distribution
of a surfactant within an interface (Figure 1-3).29 This showed that introducing a surfactant free
droplet in a fluid, which is saturated by micelles led to micelle adsorption somewhere at the
droplet interface. This non-uniform distribution of surfactant in turn generated Marangoni flow,
which drives the droplet in the direction of the adsorption area.
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Figure 1-3. Schematic representation of a micelle, which adsorbs at the interface of a droplet.
Marangoni flow u|R distributes the surfactants along the interface and drives the droplet in direction e
toward the adsorption spot.29

Considering the importance of chemotaxis and phototaxis in living systems, some examples of
these types of systems in which the motion is related to Marangoni flow in the droplet are
described in the following sections.

1.4

Chemotaxis in artificial systems

The following sections explain artificial systems in which droplet movement is obtained via
different ways of chemical stimulation.

1.4.1 Droplet motion via self-generated chemical gradient
Non-directional movement of an organic droplet by chemical reaction was investigated by Ban
et.al (Figure 1-4).32 They showed the pH-dependent motion of the nitrobenzene droplet
containing di(2-ethylhexyl)phosphoric acid (DEHPA) in aqueous solutions of different pH.
DEHPA became deprotonated as pH increased (Figure 1-4a). The more DEHPA was
deprotonated, the more IFT decreased (Figure 1-4b). This deprotonation created Marangoni
convection along the droplet interface. This convection in turn generate a flow, which circulates
inside the droplet and move it (Figure 1-4c). The threshold pH in which the spontaneous motion
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of the droplet was obtained was 11.2. The unreacted DEHPA in the droplet provided to empty
spots of the interface such that this renewal of the interface sustained the droplet motion. In
this work, altering the level of pH, can cause the droplets to start or stop motion. However, the
limited motion in terms of speed (6 mm s-1) and maximum distance that droplet travelled (~ 10
mm) was achieved.

Figure 1-4. Schematic representation of (a) deprotonation of DEHPA, (b) change in interfacial tension
(γ) as a function of pH and (c) droplet motion. The green arrows indicate the direction of droplet
motion.32

In 2010, Hanczyc and Ikegami developed a simple chemical system in which droplet showed
self-movement (Figure 1-5).33 The system composed of oil droplet of oleic anhydride in
nitrobenzene introduced in an alkaline solution containing oleate micelles. They showed that
once the droplet was embedded in the aqueous solution, the hydrolysis of oleic anhydride in
the oil phase made an instability in the system such that after a few seconds of introducing the
droplet to the solution, it started to move. This reaction not only powered the droplet to move
in the aqueous phase, but also caused continuous movement of droplet as long as enough
precursor oil residues in the droplet. They correlated this movement to convection flows. This
meant that hydrolysis of anhydride as a chemical reaction induced a local decrease in pH. As
7

the reaction along the droplet surface did not occur evenly, the local pH varied. Their
measurements revealed that interfacial tension increased as the pH decreased, which in turn
created a local interfacial tension gradient along the interface as Marangoni force. This
Marangoni force derived Marangoni flow along the surface, which in turn created convective
flows inside the centreline of the droplet. This convection flow brought fresh precursor to one
side of the droplet while controlled the release of products on the side opposite. This made a
continued movement of the droplet in the direction of convective flow.

Figure 1-5. Representation of a self motion of oil droplet with an internal convection flow. (a) The
droplet moved toward the bottom left and generating a bright plume. (b) Flow patterns observed in the
droplet.33

In the discussed systems, the chemical gradient was created by the droplet itself as a product
of a chemical reaction. They suggested that imposing an external pH gradient can override the
self-generated gradient, leading to control over the direction of droplet motion. So, the coming
section works on systems in which directional droplet motion is achieved via an external
chemical gradient.
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1.4.2 Droplet motion via external-generated chemical gradient
In 2010, Lagzi et al. showed an example of directional movement of a droplet obtained by a
pH gradient.34 In this case, an organic droplet comprising 2-hexyldecanoic acid (HDA), was
placed in a channel filled with aqueous KOH solution (pH 12.0-12.3) and by placing a small
agarose gel soaked in a solution of HCl at one entrance, the pH gradient was generated through
the maze (Figure 1-6). The maze solving of the droplet was explained with surface tension
effect. This meant that the pH gradient through the maze caused partially deprotonation of
HDA (Figure 1-6a). As more protonated HDA was found in the direction facing the source of
acid, the asymmetric distribution of HDA created a gradient of surface tension. The surface
tension gradient in turn resulted in convective flows, which were ultimately responsible for
droplet motion toward regions of low pH via shortest of multiple possible paths (Figure 1-6b).
The droplet moved rapidly with a speed of 10 mm s-1.

Figure 1-6. Maze solving by an HDA-containing droplet as a chemotactic droplet. (a) representation
of asymmetric release of HDA at the droplet interface creating a convective flow, (b) direct
movement to the exit, (c) the droplet went astray but corrected itself (dark red) to stay on the correct
path.34

Interestingly, the droplet moved through the shortest path and was able to correct the trajectory
(Figure 1-6 c). It should be mentioned that in this experiment the presence of HDA and the pH
gradient were vital to the droplet’s “chemotaxis”.
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Figure 1-7. Schematic representation showing the movement of IL droplet in open fluidic channels. (a)
creation of the Cl- gradient by introducing drops of HCl to channel contained NaOH, (b) introducing IL
droplet at the end of the channel causing surfactant release into the solution and breaking the surface
tension symmetry around the droplet, (c) droplet movement toward areas of higher surface tension and
(d) droplet reaches to the desired destination.35

While the above example showed that a pH gradient triggered chemotaxis of the droplet, there
are some cases in which chemotaxis behavior was based on a gradient other than pH but acted
as a chemoattractant. For example, in 2015, Francis et al. showed a droplet containing the ionic
liquid (IL) trihexyl(tetradecyl)phosphonium chloride ([P6,6,6,14][Cl]), which movement was
triggered by Cl- gradient (Figure 1-7).35 In this study, a channel was filled with NaOH solution
and then HCl (as a chemoattractant) was placed in a destination (Figure 1-7a). After 10–30
seconds of adding HCl, small droplets of [P6,6,6,14][Cl] were placed at specific locations, which
immediately began moving along the channel toward the chemoattractant source. The authors
suggested that a Cl- gradient caused the asymmetric release of the cationic part of the droplet
(Figure 1-7b) resulting in a surface tension change and Marangoni-like flow driving the droplet
to move from areas of lower surface tension to areas of higher surface tension (Figure 1-7c)
and finally reached to the point of chemoattractant source (Figure 6d). The speeds of 0.5-4 mm
s-1 were obtained for these droplets.
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In this system, utilizing an IL as a droplet has some advantages such as slight vapor pressure,
low combustibility and high thermal stability, and such droplets are more useful as a microvehicle compared to organic droplets that are subject to evaporation and which can be
flammable.
Another example was a work by Jitka et al. who investigated the movement of an oil droplet
in aqueous solutions in response to concentration gradient of NaCl.28 In this study, the channel
was filled with solution of sodium decanoate and a decanol droplet was placed on one end of
the container and initially showed a random movement. By adding a NaCl to the other end of
the microscopic slide, the decanol droplet moved and followed the salt concentration gradient
with speed of 3 mm s-1 in the direction toward the source of chemoattractant (Figure 1-8a).
They suggested that slow dissolution of decanol droplet into surrounding solution along with
presence concentration gradient of a salt (Figure 1-8b) created a surface tension gradient
resulting in Marangoni effect, which ultimately moved the decanol droplet.

Figure 1-8. (a) Schematic representation of decanol droplet motion due to NaCl gradients, (b) The
temporal and spatial distribution of NaCl.28

In 2015, Ban et al. utilized the affinity of DEHPA for alkaline-earth metal ions for directing
droplets in fluidic environments (Figure 1-9).36 In this work, a droplet of nitrobenzene
containing DEHPA was introduced into aqueous phosphate solution (pH 7.41). Alkaline-earth
metal ions were utilized as chemical cues to orient the droplets. To this end, a polyvinyl alcohol
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(PVA) gel was immersed into a solution of metal ions, which was then used as a
chemoattractant source. Deprotonated DEHPA was collected at the droplet/aqueous solution
interface such that the polar head group was toward the aqueous medium. Thus, the droplets
were covered with negatively charged surfactants, which were proposed to have the role of a
receiver for the metal ions. Once the droplets sensed the metal ions, interactions between
DEHPA and metal ions were created at the interface. This generated an interfacial tension
difference, which produced a flow field at the droplet interface. Thus, the droplets moved
toward the areas where the concentration of chemoattractant was higher.

Figure 1-9. Illustration of DEHPA droplet motion in response to metal ion concentration gradient (a)
metal ion releasing from the droplet and creating a gradient through the channel and (b) droplet senses
the gradient and shows directional motion toward the chemoattractant source. In (a) and (b) top and
below figure show the real and schemes illustration of the system, respectively.36

While in the systems discussed so far, droplet motion via chemotaxis was achieved, developing
systems in which droplet motion would be achieved via contactless methods might be needed.
Given that, the next section describes systems in which droplet movement is obtained via
methods where the chemoattractant is replaced with a contactless stimulus source.
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1.5

Phototaxis in artificial systems

Phototactic is another important type of taxis. The feature making this type distinguished from
others is type of stimulus. This means that light has been known as an accessible stimulus for
driving materials because of its contactless and remote propagation. Moreover, its energy input
can be precisely adjusted along with reversible ON/OFF state of radiation. These significant
properties of light, make it a suitable stimuli source to design light-driven materials to be
controlled noninvasively with highly precise spatial and temporal resolution.37
Developing a system in which droplet shows light-triggered movement could be achieved in
two ways. First method is based on the light source meaning it should have enough intensity
to induce droplet movement via a heating process, which will be exemplified in the next
sections. The other approach, which is more common and promising would be using an
appropriate substance in the composition of the system to be affected under light irradiation to
trigger the movement. Considering this, photochromic compounds should be a proper
candidate to be used in these systems. In these compounds, light irradiation can convert
different states reversibly. Usually, there are two isomers, which are transformed under
ultraviolet and visible irradiation.38,

39

Azobenzene, dithienylethene, spiropyran and

spirooxazine are examples of photochromic molecules.
Among photochromic compounds spiropyrans are one of the most commonly used
photochromic species. It is well-known that upon an external stimuli such as light, they undergo
structural changes.38, 39
A typical spiropyrans bearing nitro group on the benzopyran ring (such as SP in Figure1-10)
has a UV absorption at the region 240-350 nm.40 Upon exposure to UV light (<400 nm), the
pyran ring opens (via scission of the C-O pyran bond) making a zwitterionic merocyanine (MC
in Figure 1-10), which is a highly polar colored isomer and more hydrophilic than the parent
spiropyran, which absorbs at ~ 570 nm. The light-induced isomerization can be reversed by
13

using visible light. In the presence of acid, the merocyanine isomer can be protonated to
protonated merocyanine (MCH+ in Figure 1-10), which has absorption around 420 nm. Upon
visible light irradiation the MCH+ moiety is converted to SP via a protonated SP intermediate
(SPH+ in Figure1-10).

Figure 1-10. Reaction scheme showing photoisomerizations and protonations of spiropyran (SP),
protonated spiropyran (SPH+), merocyanine (MC) and protonated merocyanine (MCH+).40

Moreover, it has been shown that the spiropyran form has a higher interfacial tension than the
merocyanine form.40, 41 These features have made them appropriate compound to be applied as
photosensitive materials in designing phototactic system.
The next section describes systems in which droplet movement is obtained via different
mechanisms with using light.

1.5.1 Light triggered motion of droplet
Utilizing light as a source of stimulus is particularly important as it is contactless, can be easily
controlled both spatially and temporally, and is adjustable. Another benefit is that by using
light, motions of droplets could be achieved in different configurations when;
1- There is no photoactive material in the composition of system (section 1.3.4.1).
2- Photoactive material is applied on the solid substrate (section 1.3.4.2).
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3- Photoactive material is a component in aqueous solution (section 1.3.4.3).
4- Photoactive material is used in the composition of droplet itself (section 1.3.4.4).
1.5.1.1

Light driven movement of a non-photoactive oil droplet/ non-photoactive
system

In 2004, Serjei et al. described a methodology for the laser beam generated movement of an
organic droplet in an aqueous medium.42 They stated that when a surface between liquid and
air or between two liquids is locally heated, a Marangoni convection could be created. They
used a laser with power of 0.1 - 1 W to examine a nitrobenzene droplet in an aqueous medium
such that the droplet floated below the air-water interface.
Interestingly, they showed that the direction in which the droplet moved depended on the
optical path of the laser when it was being irradiated on the droplet. This meant that the droplet
moved toward the source when the laser was set close to the air-water interface (Figure 1-11a)
and moved away from the source once the irradiation was on the droplet bottom (Figure 111b).
They explained that in this experiment, the thermocapillary effect played the most important
role in droplet motion. Applying laser light caused a thermal difference at the oil-water
interface, which resulted in surface tension variation. This gradient could induce the convection
of oil, which flowed in one direction at the interface between oil and water. This resulted in a
greater interfacial force between the oil/aqueous medium than that between oil/air, leading to
droplet motion in a certain direction. Changing the laser position, consequently changed the
spot in the droplet that was heated. This changed the direction of convection [Figure 1-11 (right
column)] and reversed the orientation of the droplet motion.
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Figure 1-11. Representation of convective flow in an oil droplet when the laser beam is focused at the
(a) oil-air interface and (b) bottom of the oil droplet. Left column: snapshots showing the top view with
the adjusted contrast to visualize the flow. Middle column: vector field of convective current. Right
column: representation of 3D convection.42

The advantage of this experimental is that it is simple. In this technique increasing the power
of light source, not only increased the movement velocity but also raised the temperature of the
droplet. This could limit use of this method for the materials, which are sensitive to heating.

1.5.1.2

Light-driven movement of oil droplet via substrate modification

An appropriate surface modification is one way to achieve droplet motion by utilizing light. In
2000, Ichimura et al. reported that light-driven motion of liquids could be obtained by a suitable
choice of photoreactive molecules in contact with an outermost surface and fluid substances.43
They showed that light could manipulate the reversible motion of liquids when a substrate
surface was modified with a photoisomerizable azobenzene monolayer. Azobenzene is a
photosensitive molecule that photoisomerizes into trans (less polar) and cis (more polar)
configurations upon visible and UV illumination, respectively.44 In this work, substrate surface
was treated with a calix[4]resorcinarene derivative having photochromic azobenzene units and
a droplet of olive oil was placed a on the substrate (Figure 1-12). By using edge of a focused
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light beam and under an asymmetric photoirradiation, surface azobenzenes was isomerized and
created a surface free energy gradient, resulted in directional droplet motion. UV–visible study
showed that UV irradiation of the monolayer resulted in the producing a high amount of polar
cis isomer. This indicated that the outermost surface of the monolayer was probably terminated
by the polar cis-azo groups resulting in an increase in surface free energy. Blue light irradiation
of the cis-rich surface caused the cis isomer to reverse into the trans isomer.
They showed that moving of the light beam caused maintaining of surface energy gradient
between the advancing and receding edges of the droplet, leading to continuous motion of the
droplet. Moreover, movement of the droplet was stopped simply by irradiation of the
photoresponsive surface with a homogeneous blue light (Figure 1-12 c). However, a low speed
of motion (35 µm s-1) was reported for a 2µL olive oil droplet.

Figure 1-12. Demonstration of (a) and (b) directional movement of an oil droplet on the modified
surface upon asymmetrical irradiation with blue light, (c) irradiating the surface with a uniform blue
light to stop the movement of the droplet.43

1.5.1.3

Light-driven movement of non-photoactive droplet via using a photoactive
material in solution

Another class of systems using light are those in which motion of a non-photoactive droplet is
achieved when a photoactive material is used in the solution.
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Baigl et al. showed that light could generate an interfacial tension gradient at a liquid/liquid
interface, which in turn creates an interfacial flow that could move droplet in the opposite
direction to the gradient.45 This is a phenomenon known as “Chromocapillary effect.”
They used an experimental setup in which an oil droplet of oleic acid was floated on an aqueous
solution containing azobenzene trimethylammonium bromide surfactant (AzoTAB) as
photosensitive surfactant. The apolar tail of AzoTAB contained a photosensitive azobenzene
group,44 which photoisomerizes into trans (less polar) and cis (more polar) configurations upon
visible and UV illumination, respectively (Figure 1-13a). Thus by changing the illumination
wavelength, the interfacial tension (γ) between the droplet and the aqueous solution could be
modulated. They observed that “partially illuminating the droplet” with 365 nm light source
resulted in the droplet movement away from the illuminated area, that was, from high γ (UV
illuminated area, mainly cis-AzoTAB) to low γ values (non illuminated area, mainly transAzoTAB) (Figure 1-13b).
In this case, the change of interfacial tension upon light illumination was weak (1 mN/m) and
droplet moved in a distance of a few centimeters at a speed of about 300 µms-1. The reversible
direction of motion was obtained by illumination in the same manner but with at 475 nm, such
that the droplet moved toward the illuminated area.

Figure 1-13. (a) Molecular structure of the photosensitive surfactant AzoTAB. (b) wavelengthdependent motion of a droplet under (b) partial illumination at 365 nm followed by (c) partial
illumination at 475 nm.45
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The low speed of droplet motion limits this system.
As another example, In 2014 Folera and co-workers showed that droplets propulsion could be
triggered by applying light on solution.9 They investigated movement of a nonphotoactive
droplet derived by combination of light and pH change.9 They used aqueous solution of a
spiropyran sulphonic acid (SP–SO3H) (Figure 1-14a) in aqueous media to fill a channel and
dichloromethane (DCM) containing 2-hexyl decanoic acid (HDA) and chromoionophore I (CI)
as the droplet (Figure 1-14 b1). Aqueous SP–SO3H solution was susceptible to light and had
shown to change pH from 5 to 3.4 upon irradiation visible light (Figure 1-14 b2).

Figure 1-14. (a) Structural changes of SP-SO3H on dissolution and in response to light. In water,
resulting in a pH change, (b) Under illumination organic acid was deprotonated causing a pH change
(b2), under this acidic condition, surfactant release from the droplet causing change of surface tension
(b3), the droplet moves spontaneously away from the light source (b4).9

Upon this pH change, the surfactant ions of CIH+ were released into the bulk aqueous phase
causing a decrease in the surface tension around the droplet in the region closer to the light
irradiation (Figure 1-15 b3). This surface tension change caused the droplet movement from
area of lower surface tension to that of higher surface tension and away from the light source
(Figure 1-15 b4). They assumed that using other compounds capable of releasing protons upon
illumination could have the potential to be used in these kinds of systems. They mentioned that
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in such cases, it might be possible to introduce the photoactive materials into the droplet to
obtain a photocontrolled pH change taking place within the droplet, which consequently would
lead to fuel release. In this way, the movement could be achieved by of direct irradiation of
light on the droplet.

1.5.1.4

Light-driven movement of photoactive droplet via using a photosensitive
material in droplet

In the previous case, a photochemical reaction in the aqueous media generated a
surface/interfacial tension gradient, which moved the droplet. In 2016, Suzuki et al. used this
kind of reaction within an oil droplet in aqueous solution, which exhibited directional motion
toward a UV light source.46 In this case, they prepared droplets composed of 2-nitrobenzyl
oleate (NBO), which was covered with oleic acid/oleate as surfactant, in a buffer solution at
pH 9.2. Droplets exposed to UV light (365 nm) exhibited directional movement toward the UV
light source. They showed that the mechanism of motion could be described by the anisotropic
photolysis on the droplet surface. This meant that upon UV irradiation, photochemical
decomposition of an NBO droplet produced oleic acid/oleate, on the droplet’s surface in the
alakline aqueous solution (Figure 1-16a). This resulted in a decrease in surface tension between
the irradiated and non-irradiated surfaces, which created a Marangoni flow from the lowertension area to the higher-tension one and droplet motion toward UV light (Figure 1-16b). In
this system, droplet moved with a speed of up to 5.6 μm s−1, which is a limitation of this system.
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Figure 1-16. (a) Photocleavage of the 2-nitrobenzyl group in an NBO droplet forming 2nitrosobenzaldehyde and oleic acid, (b) Movement of a NBO droplet under illumination.46

Development of light-directed droplet systems could open up the opportunity of utilizing this
systems to create more complex configurations such as double emulsions. This would have the
potential for delivery of drug, cell or water-based materials.
The following sections briefly explain double emulsions definition, preparation methods and
applications.

1.6

Double emulsion systems

Double emulsions are systems containing two liquids, which are separated by a third liquid,
immiscible in the original liquids. These systems, which are also known as emulsions of
emulsion, are systems in which the droplets of the dispersed phase themselves comprise smaller
droplets of the non-dispersed phase.47-49 The first time, these systems were described by Seftriz
in 1925,50 but more investigations came at the end of the 1970s. Generally, there are two
common types of double emulsions; water-oil-water (W/O/W) and oil-water-oil (O/W/O).

1.6.1 Double emulsions preparation
There are several methods for double emulsion preparation. The conventional method, which
includes a two step stirring method, has been used for a long time.51 The first step is to create
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emulsions by appropriate selection of emulsifiers. In the next stage, the obtained emulsions are
re-emulsified to produce double-emulsion droplets. Although this is a simple method, poor
monodispersity and low encapsulation output are disadvantages.
In recent years, microfluidic has been integrated in emulsification process leading to the
development of microfluidic emulsification methods.52-55 These new methodologies provide
better control of the emulsification progress and the made-up droplets. Using an especially
designed microchannel, two immiscible dispersed and continuous phases are introduced, such
that a monodisperse emulsion is produced. In order to produce double emulsion droplets,
various kinds of microchannels have been designed such as double-T-junction microchannels,
double-cross-shaped microchannels and three dimensional (3D) microchannels.
Despite various methods of double emulsions production,53 many of them need complicated
design or particular alignment. Che et al. proposed a simple and reliable system for the double
emulsions production, based on accessible materials and an easy assembly method (Figure 117).56 The system comprises a co-flowing structure made from a plastic tube and a syringe
needle for the formation of aqueous droplets and the tube tip in water to make double emulsion
droplets. The size of droplets and separation can be controlled by setting the corresponding
flow rates.

Figure 1-17. Schematic diagram of the experimental setup for the formation of double emulsions.56
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1.6.2 Double emulsion stability
In 1998, Ficheux et.al investigated the stability of emulsion systems and factors affecting it.57
They explained that two types of instabilities are observed in double emulsions: (i) merging of
the inner droplets with the globule interface (shell) and (ii) merging between the small inner
droplets within the oil globule. The tearing of the thin nonaqueous film between the external
continuous phase and the inner small water droplets causes the first type of instability. This
results in a transport of the inner droplets to the external phase. The second type of instability
arises from a growth of the diameter of the internal droplets and a drop of their quantity.
Ficheux et. al. explained that instability occurs depending on the ratios of concentration of
surfactant used in the external phase. In their experiments, once the sodium dodecyl sulfate
(SDS) concentration as surfactant was lower than a threshold amount of almost 10 (cmc), the
double emulsions remained stable with no release, but when the concentration of SDS was
above this threshold value, release occurred almost quickly. They noted that another factor is
the diameter of the primary inverse emulsion, which also makes a difference the characteristic
time of release. Once size of internal droplets became larger, the core stability or lifetime of
the double emulsion droplet significantly decreases. Their investigations on the influence of
temperature on the kinetics of release showed a decline of the lifetime with temperature
increase.
Others have also noted causes of double emulsion instability. Theile et al. pointed out that
contact of double emulsions with the bottom of containers destabilized them. To avoid this,
they used toluene to decrease the density of the organic phase to decrease surface contact. 52
Altuntas et al. identified that control of osmotic pressure balance between the aqueous phases
can reduce instability. They showed that the presence of salt such as sodium chloride in both
aqueous phases can assist the formation of double emulsions.49 Garti and Bisperink mentioned
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that to improve the stability of double emulsions, the nature of the oil phase should be modified
by increasing its viscosity.48

1.6.3 Double emulsions applications
Use of double emulsion systems has several benefits as they are biocompatible and
biodegradable. In addition, both hydrophobic and hydrophilic types of drugs can be
encapsulated and protected. Recently, many researchers have focused on double emulsions
because of their potential applications in various fields including food, pharmaceutical,
biomedical and cosmetic. For instance, Yan and Pal investigated the elimination of toxic
materials by encapsulation inside W/O/W double emulsions.58 Malone et al. studied the
entrapment of aroma compounds and their release.59 Kaimainen and coworkers encapsulated
betalain into a W/O/W double emulsion system and investigated the effect of the encapsulation
on intestinal lipid digestion.60 Moreover, double emulsions were explored as an alternative way
for the production of low-calorie and low-fat foods.61 Double emulsions can be potentially used
for continuous release of active matter, mostly in the area of water-soluble drugs. There are
many other important applications in agriculture62, 63 and food.64-66

1.7

Thesis outline

As discussed in this chapter, droplet motion can be triggered phototactically (by using light) or
chemotactically (by using a chemoattractant). The advantages of using light was explained as
a contactless and tunable stimulus source. However, phototactic droplet systems have been
shown to be limited in the control of droplet motion or speed of droplet movement. This has
typically been because the light activated movement has required specialist apparatus or
photoactive materials in the droplet environment. A new approach would be to incorporate the
photoactive material into the droplet itself and use simple light sources to achieve photoactive
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droplet systems. This idea opened up the way to develop several phototactic droplets, which
are introduced in this thesis along with a study on the mechanism of their motion and the
development of a number of applications that use them.
In addition, the use of a protonated photactive material in the droplets led to the creation of
chemotactic droplets using the same material in the presence of base. This base reaction was
further explored to develop a sensor.
In Chapter 3, the characteristics of the new phototactic systems based on spiropyrans and
protonated merocyanines as well as the mechanisms of droplet motion were investigated.
Following this, one of the phototactic droplet systems was modified to create the first lightdriven double emulsion droplets capable of moving in the aqueous phase. The controlled
release of the double emulsion core at a desired location was also achieved.
In Chapter 4, one of the developed droplets was utilized for a chemotactic system. Given the
acidic property of the droplet, its reaction with a base provided the opportunity to develop a
system in which the deprotonation of the protonated moiety in the droplet and consequent
changes in properties of the system led to droplet motion. The system was studied in 2D and
3D media and the modes of motion were studied with the help of German collaborators.
Further, it was shown that this deprotonation could be exploited to design a simple paper sensor
for amine or ammonia detection.
In Chapter 5, the application of the phototactic systems described in Chapter 3 was explored
for a number of tasks including to undertake site specific chemistry such as polymerization
under water. This resulted in achieving a new and simple phototactic droplet based on the
polymerization photoinitiator only, which could then be further utilized for a droplet-based
polymerization in water. In addition, the original phototactic systems were utilized for other
applications such as droplet motion on wet surfaces, pushing and popping air bubbles, as a
light-activated switch to turn on an LED and mixing water droplets.
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In Chapter 6, all investigations and studies were summarized following which some ideas as to
future work were proposed.
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2.1

Reagents and Materials

Most of the materials used throughout this thesis work were commercial chemicals as shown
in Table 2.1. They were used as received without further purification. The compounds PM525MCH+ and YX36-MCH+ were synthesized in our laboratories as indicated in Table 2.1 by Dr
Pawel Wagner and my fellow PhD student, Yang Xiao, respectively.
Table 2.1 Chemical reagents and materials.
Reagent name

Abbreviation

Acrylic acid

AA

99%

Bromothymol blue

---

95%

Carbon powder

----

Coumarin 343

---

1,2-Dichloroethane

DCE

2,2-Dimethoxy-2phenylacetophenone

Structure

-----

Grade

----

97%

CH2ClCH2Cl

DMPA

SigmaAldrich

SigmaAldrich

SigmaAldrich

SigmaAldrich

Analytical

RCI

Reagent

Labscan

99%
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Company

SigmaAldrich

Dimethylethylamine

DMEA

99%

DPTBP

97%

DBSA

95%

Diphenyl(2,4,6trimethylbenzoyl)phosphine
oxide
4Dodecylbenzenesulphonic
acid
2- Hexamethylenediamine

HMDA

H2NCH2(CH2)4CH2NH2

98%

2-Hexyldecanoic acid

HDA

96%

SP

93%

SigmaAldrich
SigmaAldrich

SigmaAldrich
SigmaAldrich

SigmaAldrich

1’-(2-Hydroxyethyl)-3’,3’dimethyl-6nitrospiro[1(2H)-

TCI

benzopyran-2,2’-indoline]

(E)-3-(2-(2-Hydroxy-5nitrostyryl)-5-methoxy-3,3-

YX36-

dimethyl-3H-indol-1-ium-

MCH+SO3-

---

Synthesized
by Xiao

1-yl)propane-1-sulfonate

(E)-4-Hydroxy-3-(2-(1,3,3trimethyl-5-pentyl-3Hindol-1-ium-2-

PM525+

MCH SO3

---

-

Synthesized
by Wagner

yl)vinyl)benzenesulfonate

N-Isopropylacrylamide

NIPAM

97%
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SigmaAldrich

Mordant orange 1

-----

70%

ACS
Nitrobenzene

PhNO2

reagent,
99%

Phenylbis(2,4,6trimethylbenzoyl)phosphine

BAPO

97%

oxide

Sebacoyl chloride

Sodium
dodecylbenzenesulphonate
Sodium hydroxide

99%

SDBS

---

NaOH

Span 80

elastomer base
Sylgard 184 silicone
elastomer curing agent
Toluene

Triethylamine

TEA

SigmaAldrich

SigmaAldrich

SigmaAldrich

Sigma-

grade

Aldrich

Technical

Sigma-

grade

Aldrich

-

-

-

-

SigmaAldrich

Dow
Corning
Dow
Corning

Analytical

Chem-

Reagent

Supply

99.5%
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Aldrich

Technical

99%

Sylgard 184 silicone

Sigma-

SigmaAldrich

Trimethylolpropane
triacrylate

2.2

TMPTA

Technical

Sigma-

grade

Aldrich

Instrumentation

Ultraviolet/visible (UV-vis) absorption spectra were obtained at room temperature using a
Shimadzu UV-1800 spectrophotometer. The in-situ UV-vis spectra were obtained using an
Ocean Optics spectrometer.
Fluorescence emission spectra were recorded at room temperature using a Horiba Jobin-Yvon
Fluorolog FL3-22 spectrofluorometer (at University of Wollongong, Wollongong, Australia).
Emission spectra were also recorded on a Princeton Instruments SP2150i spectrograph with
300 groove mm–1 grating and Pixis 100B CCD. The samples were excited by a 20 mW 355 nm
diode-pumped solid state laser from Cobolt (at University of Otago, Dunedin, New Zealand).
Resonance Raman spectra were collected using a setup composed of an excitation beam and
collection lens in a 135° backscattering arrangement. Scattered photons were focused on the
entrance slit of an Acton Isoplane 320 spectrograph with a 1200 grooves/mm grating, which
disperses the radiation in a horizontal plane on a Princeton Instruments PyLoN 400BR liquidnitrogen-cooled CCD detector. A Coherent Innova I-302 krypton ion laser was used to provide
an excitation wavelength (λex) of 413nm. A Notch filter (Kaiser Optical, Inc.) matched to this
wavelength was used to remove the laser excitation line (at University of Otago, Dunedin, New
Zealand).
The IR spectra were obtained at room temperature using a Shimadzu FTIR spectrophotometer.
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The surface/interfacial tension (IFT) was measured using the pendant drop method and
performed on a video-based optical contact angle goniometer (USA KINO and/or DataPhysics
OCA20). The IFT values were calculated automatically by the tensiometer software using the
Young-Laplace equation. A needle with a diameter of 1.83 mm was used.
Droplet shape and movement was investigated using a Leica M205 microscope.
The pH measurements were made using a Horiba F-71 pH meter.
A 365 nm mounted LED (190 mW, M365L2, Thorlabs) equipped with a collimation adapter
(SM1P25-A, Thorlabs) and 405 nm lasers (2.7 mW or 63 mW) were used for light illumination.
Movies and photos were taken with instruments including OPPO A7 smartphone, goniometer
camera, Leica M205 microscope or a portable LCD microscope.

2.3

Experimental methods and measurements

2.3.1 Chapter 3
2.3.1.1

Simple organic droplet systems

The glass slides or petri dishes were immersed in piranha solution (conc. H2SO4/30% H2O2 =
3/1, v/v) at 100 ℃ for 1 h. The slides then were rinsed with deionised water and were kept in
deionised water.
In the composition of droplets, 1,2-dichloroethane (DCE) was always used as the solvent,
unless otherwise stated.
SP:HDA droplet motion under water in petri dish: SP and HDA (1:1, mol:mol) were
dissolved in DCE to give a concentration of 0.1 M. An organic droplet was generated by
introducing the desired amount of the above solution using an autopipette onto the bottom of a
petri dish filled with solution of SDBS (7 mM):CaCl2 (0.4 mM). 365 nm or 405 nm light was
used to control the movement of the droplet on the bottom of the petri dish toward and away
from the light sources.
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MCH+:DBS- droplet motion under water in petri dish: SP and DBSA (1:1, mol:mol) were
dissolved in DCE to give a concentration of 0.1 M. The solution was kept in dark for almost
12 h. An organic droplet was generated by introducing desired amount of the above solution
using an autopipette onto the bottom of a petri dish filled with DI water. 365 nm or 405 nm
light were used to control the movement of the droplet on the bottom of the petri dish toward
the light sources.
UV-vis and florescence measurement for SP solution: A solution of SP:DCE (10-5 M) was
prepared and the UV-vis spectrum was undertaken before and after 365 nm light irradiation.
Following this, the florescence spectrum was obtained for this solution before and after 365
nm light irradiation. Excitation was carried out at wavelengths of 342 nm and 576 nm,
wavelengths corresponding to major UV-vis absorptions of the SP and resulting MC,
respectively. (Figures 3-5 and 3-9).
UV-vis measurement of fresh MCH+:DBS- solution: A fresh solution of MCH+:DBS- (10-3
M) was prepared and UV-vis spectrum was undertaken before and after 365 nm light
irradiation. (Figure 3-15).
UV-vis kinetic study of MCH+:DBS- solution: A solution of SP:DBSA (4.2×10-5 M)
(1:1)/DCE was prepared and UV-vis spectra were collected over a 24-hr. period (Figure 3-20).
Florescence measurement of aged MCH+:DBS- solution: A solution of MCH+:DBS- (0.1 M)
in DCE was prepared and was kept overnight and the emission spectrum was obtained for this
solution before and after 365 nm light irradiation. Then a droplet of this organic solution was
introduced into water in an NMR tube and spectra were obtained for both the organic phase (as
droplet) as well as aqueous solution above the droplet. As controls, spectra were also recorded
for solutions of DCE, DBSA:DCE (0.1 M) and SP:DCE (0.1 M). Excitation was carried out at
a wavelength of 355 nm (Figure 3-18). This measurement was undertaken at the University of
Otago in New Zealand in Prof. Keith Gordon’s research group.

39

Florescence measurement for SP:HDA solution: A solution of SP:HDA (0.1 M) in DCE was
prepared and the emission spectrum was obtained for this solution before and after 365 nm
light irradiation. Then a droplet of this organic solution was introduced into an NMR tube
contained SDBS (7 mM):CaCl2 (0.4 mM) and spectra were obtained for both the organic phase
(as droplet) as well as aqueous solution above the droplet. As controls, the spectra were also
recorded for solutions of DCE, HDA:DCE (0.1 M) and SP:DCE (0.1 M). Excitation was carried
out at a wavelength of 355 nm (Figure 3-10). This measurement was undertaken at the
University of Otago in New Zealand in Prof. Keith Gordon’s research group.
Resonance Raman measurement for SP:HDA solution: A solution of SP:HDA (0.1 M) in
DCE was prepared and the resonance Raman spectrum was obtained for this solution and after
the solution was irradiated with 365 nm light. Then ~ 50 L of this organic solution was
introduced into an NMR tube containing ~300 L aqueous SDBS solution and spectra were
obtained for both the organic phase (as droplet) as well as the aqueous solution above the
droplet. As controls, spectra were also recorded for solutions of DCE and SP:DCE (0.1 M).
For all solutions, spectra were obtained before and after applying 365 nm light. Excitation was
carried out with a wavelength of 413 nm. (Figure 3-11). This measurement was undertaken at
University of Otago in New Zealand in Prof. Keith Gordon’s research group.
Resonance Raman measurement for MCH+:DBS-solution: A solution of MCH+:DBS- (0.1
M) in DCE was prepared and kept overnight. The resonance Raman spectrum was obtained for
this solution and after the solution was irradiated with 365 nm light. Then ~ 50 L of this
organic solution was introduced into an NMR tube containing ~300 L DI water and spectra
were obtained for both the organic phase (as droplet) as well as the aqueous solution above the
droplet. As control, the spectra were also recorded for solutions of DCE and SP:DCE (0.1 M).
For all solutions, spectra were obtained before and after applying 365 nm light. Excitation was

40

carried out at a wavelength of 413 nm (Figure 3-19). This measurement was undertaken at
University of Otago in New Zealand in Prof. Keith Gordon’s research group.
Plume characterization for SP:HDA droplet: A 50 µL of SP:HDA droplet (0.1 M) was
placed within the bottom of a 1 cm cuvette and then the aqueous solution of SDBS (7
mM):CaCl2 (0.4 mM) was gradually added to fill the cuvette. Following that the organic phase
was covered with a piece of cardboard to prevent recording of the absorption related to the
droplet (see Figure 3-6). The UV-vis spectrum was collected while the droplet was in the dark
(no illumination) followed by 365 nm light irradiation on the droplet for 2 min intervals over
20 min. After every illumination, the cuvette was immediately placed inside the
spectrophotometer to avoid dissipating the released plume and the spectrum was obtained
(Figure 3-7).
Plume characterization for MCH+:DBS- droplet: The same procedure was used for the
MCH+:DBS- droplet plume characterization as above for the SP:HDA droplet. A 50 µL droplet
(0.1 M) was placed within the bottom of a 1 cm cuvette and the aqueous solution (DI water)
poured slowly upon the droplet. After this, the organic phase was covered with a piece of
cardboard to prevent recording the absorption related to the droplet. Following this, droplet
was exposed to 365 nm light for 15 consecutive steps such that in each step 365 nm light was
applied on the droplet for 2 min and then the cuvette immediately was placed inside
spectrophotometer to avoid dissipating the released plume and the spectrum was obtained
(Figure 3-17).
IFT measurement for a SP:HDA droplet: IFT measurement of a SP:HDA droplet in
surfactant-containing water was first attempted but this was not successful because the aqueous
phase entered the goniometer needle. This was likely due to the surfactant in the water
absorbing into the organic phase and hydrophilizing the needle surface, which allowed water
to enter the needle.1 Direct measurement of the droplet IFT was possible only for SP:HDA
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droplets dissolved in DCE without surfactant in the aqueous phase. A pendant droplet of
SP:HDA:PhNO2 (0.1 M) was suspended in DI water and the IFT was measured before and
after applying 365 nm light. In addition, the IFTs of other solutions including PhNO2 and
SP:PhNO2 (0.1 M) were measured as references. All measurements were done five times and
the average value reported (Tables 3-1 and 3-2).
IFT measurement for a MCH+:DBS- droplet: A pendant droplet of MCH+:DBS- (0.1 M) in
DCE was immersed in DI water using a goniometer and the IFT was measured before and after
365 nm light illumination. This measurement was done five times and the average value
reported (Table 3-4).

2.3.1.2

Double emulsion droplet systems

Preparation of double emulsion droplets via co-flowing method: The first step was the
formation of water droplets in oil in a tube of a co-flowing structure, and the second step was
the formation of water-in oil-in water (W/O/W) droplets out of the tube that was inverted in
surfactant-containing water in a glass container (see Figure 3-24). To initially fabricate a waterin-oil droplet, a water droplet from syringe 2 was introduced into a stream of oil (from syringe
1), which was then injected into the bulk aqueous medium in the glass container. Therefore,
the blunt stainless syringe 2 needle was bent by 90◦ and inserted into a plastic tube, fed from
syringe 1, which was bent in a U-shape such that the water-in-oil droplet stream exited the tube
vertically into the aqueous medium. The organic solution of SP:HDA (0.1 M, 1:1):span 80 (2%
wt of HDA), DCE:Toluene (1:2) was introduced into the tube from syringe 1. The aqueous
solution of SDBS (7 mM):CaCl2 (0.4 mM) was introduced into the tube as droplets from the
bent needle attached to syringe 2. The aqueous and organic solutions, streamed using two
syringe pumps with flow rates of 2 and 3 ml/hr, respectively, met at the co-flowing structure
to form W/O droplets in the tube. The W/O/W double emulsion droplets then formed at the tip
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of the tube as the organic solution containing the W/O droplets exited the tube into the aqueous
solution of SDBS 7mM:CaCl2 0.4mM (Figures 3-24 and 3-25).
Preparation of double emulsion droplets via pipetting method: The petri dish was filled
with aqueous solution of SDBS (7mM):CaCl2 (0.4 M). Then an organic droplet of SP:HDA
(0.1 M, 1:1):span 80 (2% wt of HDA):DCE:toluene (1:2), (20 µL) was placed in the aqueous
solution. A 0.5 µL droplet of aqueous SDBS (7mM):CaCl2 (0.4 mM) was injected from a
micropipette into the organic droplet such that a double emulsion droplet was created (Figure
3-26).
Study of aqueous core position at the double emulsion droplet: A glass container was filled
with an aqueous solution of SDBS (7mM):CaCl2 (0.4 M). Then a 20 µL organic droplet (SP
(0.1 M):span 80 (3.6 mM):DCE:toluene (1:2)) was placed within the container and a 0.5 µL
droplet of SDBS (7mM):CaCl2 (0.4 M) injected into it using a micropipette. The shape of the
double emulsion droplet and position of its aqueous core was observed side on with the
goniometer camera before and after 365 nm light irradiation (Figure 3-28, Movie 3-5).
Density measurements of the organic and aqueous phases in the double emulsion droplet:
The weight of 20 µL of solutions containing SP (0.1 M):span 80 (3.6 mM):DCE:toluene (1:2)
and SDBS (7mM):CaCl2 (0.4 mM) were measured. The density was then obtained by dividing
the measured values of mass (g) by the volume (mL) (Table 3-8).
Measuring stability of core under inactive (without light) and active (with light)
conditions: The stability of core refers to measuring the time until the aqueous core pops. For
active condition, the stability refers to the time that droplet started to move under light
irradiation until the core popped. The organic droplet (SP (0.1 M): span 80 (3.6
mM):DCE:toluene (1:2)), 20 µL, was placed within the container followed by introducing
aqueous core (SDBS (7mM):CaCl2 (0.4 M), 0.5 µL) inside that. For inactive condition, the
time was measured from when the core was incorporated inside until it popped (Table 3-7).
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The same method was used to measure stability of core when paraffin oil in different
percentages (1%, 5% and 10% w/v) was added to the organic droplet (Table 3-9).
Core popping at the desired time and location: A 10 µL organic droplet (SP (0.1 M):span
80 (3.6 mM):DCE:toluene (1:2)) was placed into aqueous solution of SDBS (7mM):CaCl2 (0.4
mM). Then a 0.5 µL core contained SDBS (7mM):CaCl2 (0.4 mM) was introduced to the
organic droplet. After that, two 365 nm lights were applied on the droplet from two opposite
sides, which led to popping of core immediately (Figure 3-29, Movie 3-7).
To unload the particle-contained core at a specific location, the double emulsion droplet was
introduced to the aqueous solution and was adjusted on a distance from the desired zone for
unloading core. Following that 365 nm light was applied on the double emulsion droplet
leading to directing it toward the desired zone. Once the double emulsion droplet reached to
that area, the second 365 nm light was irradiated on the droplet from the opposite direction.
This led to popping of core and releasing the carbon powder on the wanted area (Figure 3-30,
Movie 3-8).
Double emulsion collision: A petri dish was filled with aqueous solution of SDBS
(7mM):CaCl2 (0.4 M). Then photoactive organic droplet of SP (0.1 M):span 80 (2%
weight):DCE:toluene (1:2), (20 µL) was placed in the aqueous solution of SDBS (7mM):CaCl2
(0.4 M) following that by using a micropipette the core containing SDBS (7mM):CaCl2 (0.4
M), (0.5 µL) was introduced inside. The stationary organic droplet 2, composed of SDBS
(0.1M):span 80 (3.6 mM): DCE:toluene (1:2), and core was composed of SDBS (7mM):CaCl2
(0.4mM). Upon 365 nm light irradiation, the photoactive droplet was directed toward droplet
2 and droplets were mixed. Mixing resulted in producing one-shell-two-core (Figure 3-31,
Movie 3-9) or one-shell-one-core (Figure 3-32, Movie 3-10) configurations. Droplet mixture
moved for a very short distance and the cores inside were popped while the mixture was
moving.
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2.3.2 Chapter 4
2.3.2.1

MCH+:DBS- -based chemotactic system

UV-vis measurement of MCH+:DBS- solution before and after adding base: A 10-4 M
solution was prepared and the spectrum was obtained (Figure 4-1b, black line). To collect the
spectrum in the presence of base, 1 µL of MCH+:DBS- droplet (0.1 M) was placed in the bottom
of a 1 mL cuvette. Then, 1 µL of NaOH (0.1 M) was added leading to a color change from
yellow to red. Next, 1 mL of 1,2-dichloroethane (DCE) (as the solvent, which was used in the
droplet) was introduced to the cuvette to obtain a diluted mixture. The spectrum was recorded
both after dilution and also three min later, which was the time needed for the solution to
become uniform (Figure 4-1b, red line).
MCH+:DBS- droplet motion in DI water in Teflon channel: A rectangular shaped Teflon
channel (30 × 5 × 3 mm ) was filled with 600 µL of DI water. Following that, 30 μL of NaOH
solution (0.1 M) was added to one end of the channel. Then by using a micropipette, a 0.5 µL
MCH+:DBS- droplet was placed at the other end of the channel. After almost 4.5 min the droplet
color changed and it started to move. The droplet showed an almost straight oriented movement
through the length of the channel toward the point of added NaOH (Figure 4-4, Movie 4-2).
MCH+:DBS- droplet motion in surfactant solution in Teflon channel: A rectangular shaped
Teflon channel (30 × 5 × 3 mm ) was filled with 600 µL of aqueous solution of SDBS (7mM).
Following that, 30 μL of NaOH solution (0.1 M) was added to one end of the channel. Then
by using a micropipette, a 0.5 µL MCH+:DBS- droplet (0.1 M) was placed at the other end of
the channel. The droplet showed self-motion through the channel and after almost 1.5 min the
base, its color changed and it started to move. The droplet showed an almost straight oriented
movement through the length of the channel toward the point of added NaOH (Figure 4-9,
Movie 4-4).
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MCH+:DBS- droplet motion in surfactant solution in maze: A maze (37 × 36 × 2 mm) made
of acrylic (shown in Figure 2-1) was attached to a Teflon substrate and filled with 1500 μL of
aqueous SDBS solution (7 mM). The maze dimensions were 37 x 36 x 2 mm giving a total
volume with the spacers of 2664 L neglecting the rounded corners. The spacers occupy 350
L giving a total liquid volume of the maze of 2316 L. To visualize the chemoattractant
gradient within the maze, a pH indicator, bromothymol blue, was added to the solution. A 0.5
μL MCH+:DBS- droplet (0.1 M) was placed at the end of the maze. Following this, 5.5 µL of
NaOH (0.1 M) was added to the entrance of the maze. The base spread through the maze such
that an alkaline gradient was created. Once the droplet sensed the base, its color changed to red
and initiating the propulsion. Droplet moved until the point of adding base (Figure 4-11, Movie
4-5).

Figure 2-1. Demonstration of maze used in the experiment.

MCH+:DBS- droplet motion in surfactant solution in 3D: A glass vial (8 cm height, 2.5 cm
diameter, shown in Figure 2-2) was filled with 23 mL of aqueous solution of SDBS (7 mM)
containing bromothymol blue. The glass vial had a short entrance, where a glass syringe was
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connected to that to inject base to the aqueous solution. After that, 8 µL of NaOH 0.1 M was
injected to the solution. The base gradually diffused into the solution and after making the
gradient, MCH+:DBS- droplet was placed at the end point of the alkaline gradient. Once the
droplet sensed the base, color changed to red and started to move toward the source of
chemoattractant (Figure 4-15, Movie 4-6).

Figure 2-2. Demonstration of glass vial used for 3D motion of the MCH+:DBS- droplet.

Plume characterization of chemotactic MCH+:DBS- droplet: A MCH+:DBS- droplet (0.1
M, 0.5 µL) was placed in an aqueous solution of NaOH (0.1 M). After almost 1 min, this
aqueous solution was collected and UV-vis spectrum was recorded.
In situ UV-vis spectrum of the plume was then collected. A small channel (2 × 0.3 cm) was
filled with 10 µL DI water. After that, a MCH+:DBS- droplet (0.1 M, 0.5 µL) was placed in the
water following which 0.5 µL NaOH (0.1 M) was added to the channel. When the droplet
changed color from yellow to red, the plume was released and the spectrum was recorded
(Figure 4-7).
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Marangoni flow observation of chemotactic MCH+:DBS- droplet: A rectangular shaped
Teflon channel (30 × 5 × 3 mm ) was filled with 600 µL of DI water. In order to visualize the
flow around the droplet, pH indicator, bromothymol blue, was used in the medium. Then by
using a micropipette, a 0.5 µL MCH+:DBS- droplet was placed on the other side of the channel.
Following that 30 μL of aqueous solution of NaOH (0.1 M) was added to the other end of the
channel. Once the droplet sensed the base and changed the color, a flow around the droplet was
observed (Figure 4-6).
IFT measurement of chemotactic MCH+:DBS- droplet: The IFT change for a MCH+:DBSdroplet in response to pH was measured by the pendant drop method. The organic droplet (0.1
M) was suspended in aqueous solutions of NaOH with different pHs from 7 to 11.3 and the
IFT was measured. The IFT for pH > 11.3 could not be measured as the droplet could not be
formed on the needle (Figure 4-3).
Measurement of pH in the channel filled with DI water: A Teflon channel (50 ×8 × 6 mm)
was filled with 1200 µL of DI water. Aqueous NaOH (60 µL, 0.1M) was added to a fixed point
at the end of the channel while a pH meter probe was placed at different locations of 10, 20,
30, 40 and 50 mm distance from the point of added base. For each distance, the change in pH
values over time was recorded (Figure 4-5).
Measurement of pH in the channel filled with surfactant solution: A Teflon channel (50 ×
8 × 6 mm) was filled with 800 µL of aqueous SDBS solution (7mM). Aqueous NaOH (40 µL,
0.1M) was added to a fixed point at the end of the channel while a pH meter probe was placed
at different locations of 10, 20, 30, 40 and 50 mm distance from the point of added base. For
each distance, the change in pH values over time was recorded (Figure 4-10).
Visualization of pH gradient in the maze: Initially, the presence of a pH gradient through the
maze was visualized by using the pH indicators, bromothymol blue and mordant orange (Figure
4-12). Bromothymol blue is blue above pH around 7 (Figure 4-12 a) while mordant orange is
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yellow between 0-10 and turns from orange to red at pH 10-12. The maze was filled with SDBS
(aq) contained bromothymol blue or mordant orange indictors. Following that NaOH (0.1 M,
5.5 µL) was added to the maze. The photo was taken after the time needed to create pH gradient
through the maze for both bromothymol (Figure 4-12a) and mordant orange (Figure 4-12b).
This figure shows color change through the maze indicating a pH gradient in the maze, which
is more obvious in the case of mordant orange (Figure 4-12a) rather than bromothymol blue
(Figure 4-12b).
Measurement of the pH gradient in the maze: Quantifying the pH in the maze (Figure 2-3)
was undertaken. As this maze was not deep enough (2 mm) to cover the probe of the pH meter
(3 mm), the stable pH values were not obtained when attempting to measure the pH meter in
the aqueous solution in this maze. So, to more accurately measure the pH values over time in
different locations of the maze, the maze was filled with 1500 µL of the aqueous SDBS (7 mM)
containing bromothymol blue. Then, NaOH (0.1 M, 5.5 µL) was added to the entrance of the
maze. When the base diffused through the maze and reached the point (f) as indicated by the
blue front (Figure 4-13), 50 µL of the aqueous solution was collected from this point using a
micropipette and transferred to a 0.5 mL plastic centrifuge tube. The sloping walls of the tube
provided enough solution depth for the pH of the collected solution to be measured. This
measurement was considered to be t = 0 sec. The experiment was repeated and the base
extracted from the maze after t = 15 sec and so on every 15 sec up to a total of 120 sec. The
same method was used to measure pH for points (e-a). The pH values obtained were plotted
against time as in Figure 4-13.

Figure 2-3. Demonstration of different points (a-f) for pH measurement within the maze.
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Flow field measurement in maze: The MCH+:DBS- droplet was placed in the maze filled with
1500 µL aqueous SDBS solution (7 mM) containing bromothymol blue. Polystyrene particles
(4.5 µm) were also added to the solution for visualization of the fluid flow pattern and NaOH
(0.1 M, 5.5 µL) was added to the entrance of the maze. As before, once the base diffused
through the maze and reached the droplet, the droplet movement was triggered. The droplet
motion in different modes was recorded using a Leica microscope and the resulting
visualization images were processed by PIVLab, a software developed in MATLAB, to give
the flow field images (Figure 4-17).

2.3.2.2

PM525-MCH+SO3- based sensor

PM525-MCH+SO3-as a new protonated merocyanine moiety was synthesized in our
laboratories by Dr Pawel Wagner and was used for amines detection in two forms of paper and
film sensors.
2.3.2.1.1 PM525-MCH+SO3- as paper sensor
Using liquid amines/ ammonia for paper sensing: A 20 µL droplet of PM525-MCH+
solution (10-3 M in MeOH) was placed on a filter paper, which was covered with a black mask
to make the optimum contrast. Following that a 10 µL droplet dimethylethylamine (DMEA)
was placed on the PM525-MCH+ dyed filter paper to give a color change from yellow to pink.
Next, to investigate decoloration of the filter paper from pink to yellow, using a heat gun the
paper was heated for almost 5 sec and finally to show sensor reversibility, amine was placed
again on the dried paper. The same experiment was done with triethylamine (TEA) and NH4OH
(Figure 4-18).
Using amines/ ammonia in the vapor phase for paper sensing: This experiment was similar
to that described above but in this case 1 mL of DMEA was placed within a test tube and the
PM525-MCH+ dyed filter paper was placed on the mouth of the tube to give a color change
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from yellow to pink. Next, to investigate decoloration of the filter paper from pink to yellow,
using a heat gun, the paper was heated for almost 5 sec and finally to show sensor reversibility,
amine was placed again on the dried paper. The same experiment was done with TEA and
NH4OH (Figure 4-20).
2.3.2.3

YX36-MCH+SO3- based sensor

YX36-MCH+SO3- as a new protonated merocyanine moiety was synthesized in our laboratories
by Yang Xiao and was used for amine detection in the form of a paper sensor.
Using liquid amine for paper sensing: A 20 µL droplet of YX36-MCH+SO3- solution (10-3
M in MeOH) was placed on a filter paper, which was covered with a black mask to make the
optimum contrast. Following that a 10 µL droplet of DMEA was placed on the filter paper and
the color changed from yellow (MCH+ form) to light pink. Next, to investigate decoloration of
filter paper, using a heat gun, the paper was heated and finally to show sensor reversibility,
amine was placed again on the dried paper (Figure 4-25). In this experiment, the UV-vis spectra
of YX36-MCH+ solution, before and after introducing DMEA in paper sensor was obtained
(Figure 4-26).
Using amine in vapor phase for paper sensing: This experiment was similar to that described
above but in this case 1 mL of amine was placed within a test tube and the filter paper was
placed on the mouth of the tube (Figure 4-27).

2.3.3 Chapter 5
2.3.3.1

Finding appropriate photoinitiator and monomer for polymerization

UV-vis measurement for 2,2-Dimethoxy-2-phenylacetophenone (DMPA) initiator:
Initially, a 1×10-5 M solution of DMPA in DCE was prepared. A spectrum was initially
obtained after preparation (Figure 5-2b, black line). Another spectrum was then obtained after
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the DMPA solution was irradiated at 365 nm for 10 sec (Figure 5-2b, red line).
Polymerization in test tube: Polymerization reactions were first done in a test tube by mixing
monomer and initiator in air. A solution of DMPA in DCE (4.5 M, ~ 100 µL) was introduced
into two test tubes. Following that, N-isopropylacrylamide (NIPAM) (0.1 g in 50 µL) and
acrylic acid (AA) (8.8 M) were added to each test tube. Under irradiating 365 nm light (~ 1
min) to the mixture in the tube, the solid polymer was formed in both test tubes. However,
when the same amount of these materials were introduced into a test tube containing water,
upon illumination, the polymer was only formed in the tube contained NIPAM.
2.3.3.2

Polymerization droplet systems

Polymerization via MCH+:DBS- droplet with DMPA (system A): SP:DBSA (1:1, mol:mol)
and DMPA were dissolved in DCE to give a concentration of 0.1 M and 4.5 M, respectively
(droplet 1A). The solution was kept in the dark over night before use. The stationary droplet
consisted of NIPAM (0.1 g) and SDBS (1.7 mg), which were dissolved in 50 µL DCE (droplet
2A). The anionic surfactant SDBS was added to improve the mixing of the two droplets.
TMPTA, which is a common cross linking agent, was used at a concentration of 0.44 M
(droplet 2A).
To achieve droplet polymerization in the aqueous phase, a glass petri dish (5 cm in diameter)
was partially filled with aqueous solution containing SDBS (7mM). A 1 µL droplet 1A was
placed on one side of the petri dish and a 1 µL droplet 2A on the other side. Irradiation of
droplet 1A with a 365 nm light source led to its movement toward the light and droplet 2A and
resulted in the merging of the two droplets. Continuous irradiation of the mixture for almost
two min resulted in formation of an orange solid polymer (Figure 5-4).
Polymer characterization for system A: After polymer formation, the solid product was
removed from the aqueous solution and dried in air at room temperature. This polymer was
characterized by infrared spectroscopy (Figure 5-5).
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Polymerization via MCH+:DBS- droplet with BAPO (system B): SP:DBSA (1:1, mol:mol)
and BAPO were dissolved in DCE to give a concentration of 0.1 M and 0.5 M respectively.
The solution was kept in the dark over night before use (droplet 1B). The stationary droplet 2B
consisted of NIPAM (0.1 g) and SDBS (1.7 mg), which were dissolved in 50 µL DCE. TMPTA
was also used at a concentration of 0.44 M.
To achieve droplet polymerization in the aqueous phase, a glass petri dish (5 cm in diameter)
was partially filled with aqueous solution containing SDBS (7mM). A 1 µL droplet 1B was
placed on one side of the petri dish and a 1 µL droplet 2B on the other side. Irradiation of
droplet 1B with 365 nm light led to its movement toward the light and droplet 2B, and resulted
in the merging of the two droplets. Continuous irradiation of the mixture for less than one min
resulted in formation of an orange solid polymer (Figure 5-7).
Polymer characterization for system B: After polymer formation, the solid product was
removed from the aqueous solution and dried in air at room temperature. The polymer was
characterized by infrared spectroscopy (Figure 5-8).
Polymerization via SP:HDA:DMPA droplet (system C): SP:HDA (1:1, mol:mol) and
DMPA were dissolved in DCE to give a concentration of 0.1 M and 4.5 M respectively (droplet
1C). The stationary droplet 2C consisted of NIPAM (0.1 g) and SDBS (1.7 mg), which were
dissolved in 50 µL DCE.
To achieve droplet polymerization in the aqueous phase, a glass petri dish (5 cm in diameter)
was partially filled with aqueous solution containing SDBS (7mM). A 1 µL droplet 1C was
placed on one side of the petri dish and a 1 µL droplet 2C on the other side. Irradiation of
droplet 1C with 365 nm light led to its movement away from the light, toward droplet 2C, and
resulted in the merging of the two droplets. Continuous irradiation of the mixture for almost
two min resulted in formation of an orange solid polymer (Figure 5-10).

53

Polymer characterization for system C: After polymer formation, the solid product was
removed from the aqueous solution and dried in air at room temperature. This polymer was
characterized by infrared spectroscopy.
Polymerization via SP:HDA:BAPO droplet (system D): SP:HDA (1:1, mol:mol) and BAPO
were dissolved in DCE to give a concentration of 0.1 M and 0.5 M respectively (droplet 1D).
The stationary droplet 2D consisted of NIPAM (0.1 g) and SDBS (1.7 mg), which were
dissolved in 50 µL DCE. To achieve droplet polymerization in aqueous phase, a glass petri
dish (5 cm in diameter) was partially filled with aqueous solution containing SDBS (7mM). A
1 µL droplet 1D was placed on one side of the petri dish and a 1 µL droplet 2C on the other
side. Irradiation of droplet 1D with 365 nm light, led to its movement away from the light
toward droplet 2D, and resulted in the merging of the two droplets. Continuous irradiation of
the mixture for less than one min resulted in formation of an orange solid polymer (Figure 511).
Polymer characterization for system D: After polymer formation, the solid product was
removed from the aqueous solution and dried in air at room temperature. This polymer was
characterized by infrared spectroscopy.
Polymerization via BAPO droplet (system E): BAPO was dissolved in DCE to give a
concentration of 0.5 M (droplet 1E). The stationary droplet 2E consisted NIPAM (0.1 g) and
SDBS (1.7 mg), which were dissolved in 50 µL DCE.
To achieve droplet polymerization in the aqueous phase, a glass petri dish (5 cm in diameter)
was partially filled with aqueous solution containing SDBS (7mM). A 1 µL droplet 1E was
placed on one side of the petri dish and a 1 µL droplet 2E on the other side. Irradiation of
droplet 1E with 365 nm light led to its movement away from the light toward droplet 2E, and
resulted in the merging of the two droplets. Continuous irradiation of the mixture for less than
one min resulted in formation of a green solid polymer (Figure 5-15).
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Polymer characterization for system E: After polymer formation, the solid product was
removed from the aqueous solution and dried in air at room temperature.
Polymerization via DBTBP droplet (system F): DBTBP was dissolved in DCE to give a
concentration of 0.5 M (droplet 1F). The stationary droplet 2F consisted NIPAM (0.1 g) and
SDBS (1.7 mg), which were dissolved in 50 µL DCE.
To achieve droplet polymerization in the aqueous phase, a glass petri dish (5 cm in diameter)
was partially filled with aqueous solution containing SDBS (7mM). A 1 µL droplet 1F was
placed on one side of the petri dish and a 1 µL droplet 2F on the other side. Irradiation of
droplet 1F with 365 nm light led to its movement away from the light toward droplet 2F, and
resulted in the merging of the two droplets. Continuous irradiation of the mixture for less than
one min resulted in formation of a colorless solid polymer (Figure 5-18).
Polymer characterization for system F: After polymer formation, the solid product was
removed from the aqueous solution and dried in air at room temperature (Figure 5-19).

2.3.3.3

Development and characterization of new phototactic droplet systems

BAPO droplet motion under water in petri dish: BAPO was dissolved in DCE to give a
concentration of 0.5 M. Using an autopipette a droplet (1 µL) of the above solution was
introduced into the bottom of a petri dish partially filled with SDBS solution (7 mM). A 365
nm light was used to control the movement of the droplet on the bottom of the petri dish away
from the light source.
UV-vis measurement of the BAPO solution: The spectrum of a solution of BAPO in DCE
(1×10 -5 M) was initially obtained after preparation. The next spectrum was then obtained after
the BAPO solution was irradiated at 365 nm for 10 sec showing the changes in characteristic
absorption around 258, 292 and 365 nm due to light-induced photo cleavage reaction (Figure
5-6).
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Plume characterization of the BAPO droplet: The spectrum of the BAPO droplet plume was
obtained by immersing a pendant BAPO (0.5 M in DCE) droplet inside a 1 mL cuvette filled
with DI water. The droplet was irradiated with 365 nm light and the surrounding aqueous
solution was monitored by in situ UV-vis spectroscopy (Figure 5-14).
IFT measurement of the BAPO droplet: Attempts were made to measure the IFT of a BAPO
droplet in surfactant-containing water but they were not successful as the IFT difference
between the two phases allowed the aqueous phase to enter the goniometer needle. Direct
measurement of the droplet IFT was possible only for droplets containing BAPO dissolved in
DCE without surfactant in the aqueous phase. The IFT was initially obtained for solvent (DCE)
as a background measurement. Following that an IFT measurement was done for a droplet of
BAPO:DCE (0.5 M) in the absence of light that showed no change in IFT. Finally, the IFT was
obtained for a BAPO:DCE (0.5 M) droplet without light irradiation followed by 365 nm light
irradiation that resulted in a declining trend in the IFT values (Figure 5-12).
Marangoni flow observation for BAPO droplet: To study the internal current in the BAPO
droplet, a small amount of 10-25 µm glass microbeads was added to a DCE solution contained
BAPO (0.5 M). Then, using an autopipette, a 3 µL of this solution was introduced into the petri
dish partially filled with aqueous SDBS solution (7 mM). Upon light irradiation, microbeads
moved to the liquid interface as a result of their hydrophilicity, which allowed the effective
visualization of both the internal and external Marangoni currents (Figure 5-13, Movie 5-5).
This Marangoni flow was further studied by introduction of carbon particles into the aqueous
medium. Applying light to the droplet led to the movement of the particles in the surrounding
medium across the surface of the moving droplet (Movie 5-6).
DPTBP droplet motion under water in petri dish: DPTBP was dissolved in DCE to give a
concentration of 1 M. Using an autopipette, a droplet (1 µL) of the above solution was
introduced into the bottom of a petri dish partially filled with SDBS solution (7 mM). A 365nm
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or 405 nm light was used to control the movement of the droplet on the bottom of the petri dish
away from the light source.
UV-vis measurement for DPTBP solution: The spectrum of a solution of DPTBP in DCE
(1×10

-5

M) was initially obtained after preparation. Spectra were then obtained after the

DPTBP solution was irradiated with 365/405 nm light showing the change in characteristic
absorption around 233, 299 and 405 nm due to light-induced photo cleavage and generation of
radicals (Figure 5-16).
IFT measurement for DPTBP droplet: The pendant drop method was used to measure the
IFT of the DPTBP droplet. A 1 M solution of DPTBP:DCE was prepared and IFT was
measured in DI water. Initially, the IFT was obtained in the absence of light following which
the droplet was irradiated with 365 nm and 405 nm light (Figure 5-17).

2.3.3.4

Other applications of photoactive droplets

SP:HDA droplet motion on glass slide: SP:HDA (1:1, mol:mol) were dissolved in toluene to
give a concentration of 0.1 M. An organic droplet was generated by introducing 0.5 µL of the
above solution using an autopipette on the glass slide (4.5 × 0.5 cm) was covered with 150 µL
of aqueous solution of SDBS (7 mM):CaCl2 (0.4 mM). On irradiating with 365 nm light, the
direction of the droplet motion was away from the light (Figure 5-25 and 5-26. Movie 5-16 and
5-17).
MCH+:DBS- droplet motion within water droplet on Teflon substrate: A water droplet was
placed on a Teflon substrate and a 1 µL MCH+:DBS- droplet (0.1 M) was introduced into the
water droplet. On irradiation with either 365 nm light or 405 nm light, the organic droplet
moved toward the light. When this droplet approached the edge of the water droplet, interaction
of the organic droplet with the edge of the water droplet resulted in rapid expansion of the water
droplet (Figure 5-28, Movie 5-18).
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MCH+:DBS- droplet for mixing water droplets on Teflon: A water droplet was placed on a
Teflon substrate and a 1 µL MCH+:DBS- droplet (0.1 M) was introduced into the water droplet.
Then another droplet of water was placed in a distance of almost 0.5 cm from the water droplet
with the MCH+:DBS- droplet inside. On irradiation of the organic droplet with either 365 nm
or 405 nm light, the organic droplet moved toward the edge of the water droplet. When the
droplet interacted with the edge of the water, the water droplet expanded and led to a merging
of the two water droplets (Figure 5-29, Movie 5-19). This was also done to connect several
water drops on the Teflon substrate (Figure 5-30, Movie 5-20).
Chemical reaction on Teflon initiated by droplet movement: Separate droplets of sebacoyl
chloride, 2-hexamethylenediamine and MCH+:DBS- inside a water droplet were placed on a
Teflon surface within a few mm distance of each other. Irradiation of the MCH+:DBS- droplet
with 405 nm light caused its movement of toward the edge of the water droplet leading to
expansion of the water droplet and merging of the three droplets. As a result, the sebacoyl
chloride reacted with 2-hexamethylenediamine to form a nylon polymer (Figure 5-31, Movie
5-21).
Blocking a hole: A petri dish (5 cm in diameter) with a drilled hole was filled with aqueous
solution containing SDBS (7 mM). A droplet of NIPAM (0.1 g in 50 µL) was placed close to
the hole and a BAPO droplet was placed with a distance of almost 1 cm. When the BAPO
droplet was irradiated with 365 nm light, this droplet moved away from the light source toward
the NIPAM droplet. After those droplets merged, this droplet mixture was still able to move
toward the hole, due to its momentum and reached the hole. The polymer solidified after 1-2
min of further illumination and completely sealed the hole, which stopped the water leak
(Figure 5-20, Movie 5-10).
Gore-Tex-Gore-Tex attachment: Two pieces of hydrophobic PTFE Teflon based membrane
(Gore-Tex) with dimensions of 3 × 0.5 cm were immersed (as shown in Figure 2-4) into a glass
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petri dish filled with aqueous SDBS (7 mM). These two surfaces were not in the direct contact
with each other (distance of almost 1 mm between Gore-Tex and glass surfaces). Following
that, 20 µL of monomer droplet 2 (NIPAM, SDBS) was placed on the edge of Gore-Tex
membrane and a 3 µL droplet of BAPO (0.5 M) was placed in the petri dish. The BAPO droplet
was then driven by light toward the Gore-Tex, up to the point of reaching the membrane with
the monomer. Polymerization of NIPAM occurred after almost 4 min illumination, which
bonded the two pieces of Gore-Tex membrane to each other (Figure 5-21, Movie 5-11).

Figure 2-4. Demonstration of the set up for Gore-Tex-Gore-Tex attachment under water.

Gore-Tex- Gore-Tex attachment: A glass petri dish was filled with aqueous SDBS solution
(7mM) and a small glass slide (0.4 g weight) was placed on the bottom of petri dish. Then, a
piece of Gore-Tex (3 × 1 cm) was immersed into the solution in contact with glass slide.
Following that, 20 µL of monomer (NIPAM, SDBS) was placed on the edge of the Gore-Tex
membrane and a 3 µL droplet of BAPO was placed on the glass slide. BAPO droplet was then
driven with light toward the Gore-Tex, up to the point of reaching the membrane with the
monomer. Polymerization of NIPAM after the light irradiation led to attachment of the GoreTex membrane to the glass slide such that lifting up the Gore-Tex resulted in glass slide lifting
as well (Figure 5-22, Movie 5-12).

59

Light driven ionic droplet to make a hole: A drilled hole in a petri dish was covered with a
layer of parafilm. The dish was filled with an aqueous solution of SDBS (7 mM) following
which a 1 µL chloroform droplet containing 0.5 M BAPO was placed onto the bottom of the
petri dish. Irradiating the droplet led to its motion toward the hole and the parafilm dissolved
on contact with the chloroform in the droplet and the solution started to leak from the dish
(Movie 5-13).
Light directed ionic droplet as an electrical switch: A simple electric setup was designed to
demonstrate the use of an ionic droplet as a conductor. A petri dish was filled with pure water
and a MCH+:DBS- droplet (3 µL) was placed in the bottom of the container. Two copper wire
electrodes were placed in water and these were connected to a LED and power source. On
irradiation using 365 nm or 405 nm light, the MCH+:DBS- droplet was guided toward the
electrodes and when it contacted both electrodes it closed the circuit allowing the LED to turn
on (Figure 5-23, Movie 5-14).
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Chapter 3 (Characterization of phototactic droplet systems)
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3.1

Introduction

In Chapter 1 the importance of mimicking taxis from nature into artificial systems was
explained. In particular, phototactic systems are of great interest due to the advantages of using
light as a stimuli. This is because light not only can be easily controlled in both space and time
but also it is contactless and tunable.1, 2 To utilize light as a stimulus requires a careful choice
of the photoactive or photochromic material and the importance of spiropyrans as one of the
most widely used photochromic species was discussed in Chapter 1. The photoactivity of these
compounds results from the photochemical conversion of the so-called «closed» or spiropyran
form to the isomeric merocyanine or «open» form (Figure 3-1).

Figure 3-1. Representation of the general structure and phototransformation of a colorless spiropyran
to red merocyanine.3

The reverse process of merocyanine to spiropyran transformation occurs both thermally and
photochemically. Such transformations are accompanied by a change in color
(photochromism) as the closed and open forms usually absorb in the UV and visible regions,
respectively.
In 2014, Florea and co-workers demonstrated the role of a water soluble spiropyran sulphonic
acid (SP–SO3H) in an oil droplet propulsion process (Figure 3-2a).4 The light sensitivity, water
solubility and photoacidity of this spiropyran made it a suitable choice to be used in the aqueous
media. In this case, illuminating the aqueous solution containing the photoacid (SP–SO3H)
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resulted in a pH change in the aqueous phase followed by a release of the surfactant from the
oil droplet causing a lowering of the water surface tension. As a result, the droplet moved due
to a Marangoni effect (Figure 3-2b).

Figure 3-2. (a) Structural transformations of SP-SO3H on dissolution and in response to light. (b)
Illustrations of an oil droplet (blue) in an aqueous phase containing the yellow MCH+-SO3-photoacid:
(i) the oil droplet in the aqueous phase before illumination, (ii) upon irradiation of the aqueous phase
with white light, MCH+-SO3- closes to SP-SO3- releasing protons and causing a pH change, (iii) under
this acidic condition, surfactant was released from the droplet causing a change from high surface
tension () to low , (iv) the droplet moved spontaneously away from the light source.4

This work opened up the more interesting possibility of incorporating photoactive material into
the droplet such that the movement could be activated by irradiating the droplet itself. This
could allow better control of both the droplet speed and direction of motion. Considering this,
my fellow PhD student, Yang Xiao, attempted to include a spiropyran into an organic droplet
to achieve droplet movement under light irradiation. This led to the development of new
phototactic spiropyran-contained droplet systems in which both the speed and direction of
droplet motion could be controlled.2
Understanding the mechanism behind this droplet movement not only would allow
improvement of the system and elimination of the limitations but also be useful for
development of other phototactic systems. Considering this, characterization of the developed
phototactic systems and investigation of the mechanism of droplet motion was explored here.
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As spectroscopic methods are common for spiropyran characterization, the majority of
measurements for the developed systems included UV-visible, fluorescence and resonance
Raman spectroscopies. Given that interfacial tension (IFT) change appeared to play a key role
in the mechanism of the droplet movement,5, 6 a determination of how changes in this property
affected droplet motion was made.
Achieving light-directed movement for simple organic droplets suggested that manipulation of
this simple system could be undertaken to design light-driven double emulsions. This was
explored utilizing the organic droplet as an oily shell and an aqueous core incorporated into it.
The light-induced directional movement of this system could open up the opportunity for
controlled delivery of drugs, cell or other water-based materials.

3.2

General description of the light-driven phototactic droplets
based on spiropyrans

In this chapter, two of the phototactic droplet systems developed by Xiao were investigated.
The general composition of these droplets was a photoactive material, organic acids and
organic solvents. The photoactive material, which was used in both droplets was a commercial
ethanol-substituted

spiropyran,

1’-(2-hydroxyethyl)-3’,3’-dimethyl-6-nitrospiro[1(2H)-

benzopyran-2,2’-indoline] (SP) (Figure 3-3a), which had good solubility in most organic
solvents. In both droplet systems, 1,2-dichloroethane (DCE) was used as solvent (unless
otherwise stated). The two different organic acids that were used in the droplets caused
differences in the behaviours and properties of the two systems, which are comprehensively
explained in this chapter. In the composition of the first system, 2-hexyldecanoic acid (HDA)
was used as the organic acid since it had been previously utilized in photochemopropelled
organic droplets (Figure 3-3a).4
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The combination of SP and HDA resulted in the first light driven SP:HDA droplet system that
moved in an aqueous solution containing a surfactant and calcium salt.2, 7 Irradiation of the
SP:HDA droplets with UV (λ = 365 nm) and visible light (λ = 405 nm) led to droplet movement
away and toward the light, respectively, as shown in Figure 3-3b.

(a)

Red

Light yellow

(b)

Figure 3-3. (a) The photoisomerization of SP in the presence of HDA, (b) Schematic illustration of the
SP:HDA droplet motion under UV and visible light irradiation.

In this system, a solution of SP:HDA (1:1, mol/mol) in DCE to give a concentration of 0.1 M
was prepared and used for the droplets. Pure DCE was used to give droplets that moved under
water, on the bottom of the petri dish. However, by proper choice of other organic solvents or
mixtures of solvents and adjustment of the droplet density, the droplet could be kept at the
bottom of the container, on the surface of or suspended in the aqueous solution.2
The study of the droplet behaviour was always done in a glass petri dish (unless otherwise
stated) partially filled with aqueous solution. After preparing the solutions of the droplet, an
organic droplet was generated by loading the desired amount of the solution, using an
autopipette into the aqueous medium.
Utilizing a surfactant in the aqueous phase of droplet systems has been common to reduce
surface

tension

and

stabilize

the

droplet
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interface.8,

9

As

a

result,

sodium

dodecylbenzenesulphonate (SDBS) was chosen as the surfactant. The surfactant was always
used at a concentration of 7 mM (well above its critical micelle concentration (≈1.5×10-3 M)),10
unless otherwise stated. The aqueous phase also contained calcium chloride (CaCl2) (0.4 mM)
to ensure stable droplet formation.2 This is because the ionic strength of calcium salt affects
the size and structure of surfactant micelles by creating bridges between charged surfactant
head groups are mediated by Ca 2+.11
For the movement of the SP:HDA droplets, SDBS was needed in the aqueous solution.
Therefore, the use of a surfactant in the droplet rather than the aqueous phase was explored.
This resulted in the development of the second droplet system in which HDA was replaced by
dodecylbenzenesulfonic acid (DBSA) as it is a long hydrophobic tail-containing acid that could
act as a surfactant (Figure 3-4a). Utilizing DBSA indeed offered the opportunity to eliminate
the surfactant from the aqueous medium. So, in this system, pure water (DI water) could be
used as aqueous medium.
In addition, the use of stronger acid than HDA led to the formation of a merocyanine salt
(MCH+:DBS-) as the photoactive material in the droplet. The organic MCH+:DBS- droplet was
obtained by mixing SP and DBSA in a 1:1 ratio (mol:mol) in DCE at a concentration of 0.1 M.
A yellow solution was obtained indicating protonated merocyanine had been formed (Figure
3-4a). However, when light was shone on a MCH+:DBS- droplet made from a freshly prepared
solution, no motion was observed. In contrast, it was discovered that droplets made from a
solution “aged” overnight did indeed move when irradiated. This was shown to be a result of
the slow formation of MCH+:DBS-. After this, the solutions of MCH+:DBS- were kept in the
dark overnight. The “aged” droplet moved toward both 365 or 405 nm light sources (Figure 34b).
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(a)

SP

(b)

Figure 3-4. (a) The reversible isomerization between MCH+:DBS- and SP:DBSA. (b) Schematic
movement for MCH+:DBS- droplet in DI water for 365 nm irradiation.

As a result, in this system, replacing HDA with DBSA not only led to droplet motion in
surfactant-free solution but also affected the composition of the droplet itself and the direction
of motion.
To investigate the light-induced structural changes inside the SP:HDA and MCH+:DBSdroplets, UV-vis and fluorescence spectroscopy was undertaken. Moreover, as it was observed
that material or plume released from the droplet had fluorescent properties, fluorescence
spectroscopy was also undertaken to characterize the plume. Resonance Raman spectroscopy
was then carried out as a complementary method for characterization of both the droplets and
plume. The IFT measurement was also carried out for both droplet systems.

3.2.1 Characterization of the SP:HDA droplet system
3.2.1.1

UV-vis and florescence spectroscopy studies

In order to investigate whether SP and HDA interact, initially the UV-vis spectrum was
obtained for a solution of SP:DCE (10-5 M) in the absence of HDA, as a reference (Figure 35). The spectrum shows an absorption at around 270 nm (Figure 3-5, red line), which is
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attributed to the π- π* electronic transition in the indoline part of the spiropyran. The band
around 342 nm (Figure 3-5, red line) corresponded to the chromene moiety. The solution was
then irradiated with 365 nm light, which induced isomerization of the colorless SP to the
colored MC due to cleavage of the Cspiro-O band. This ring opening created an extended πconjugation between the indoline and the chromene moieties, which showed a shift to the
visible area such that the absorption appeared at 576 nm (Fig 3-5, blue line).12, 13

Figure 3-5. Representation of UV-vis spectra for SP:DCE solution before (red line) and after (blue line)
365 nm light irradiation.

The interaction of SP with HDA before and after applying light was then investigated by
recording the spectrum of a solution of a 1:1 mixture of SP:HDA (5×10-5 M),2 no change in the
absorption of the SP moiety was evident. Therefore, it was unlikely that the anion of HDA was
formed, which could have acted as a surfactant driving droplet motion, as previously reported
for both the maze-solving droplets of Lagzi et al. 8 and the photoactivated droplets developed
in our laboratory.4 Moreover, since HDA itself has a low solubility in water (0.07 mg/L at 25
°C), it probably cannot act as a surfactant to drive the droplet motion but might have been
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expected to coat the droplet surface. At this point, the role of HDA, if any, in droplet motion
was not clear.
A second feature of droplet motion was the red fluorescent plume that was emitted from the
droplet during movement. To characterize it, UV-vis spectroscopy was undertaken. A 50 µL
SP:HDA droplet was placed on the bottom of a 1 cm cuvette and SDBS solution (7mM) was
gradually added to fill the cuvette. The wall of the cuvette was masked with cardboard to
prevent measurement of the droplet absorption (Figure 3-6).

Figure 3-6. A schematic illustration of the set up for characterizing the plume of SP:HDA droplet.

The UV-vis spectrum was run while the droplet was kept in dark (no illumination) followed by
365 nm light irradiation on the droplet with different illumination times outside the
spectrometer. After every illumination, the cuvette was immediately placed back inside the
spectrophotometer to measure the absorption of the released plume. Figure 3-7 shows the UVvis spectra of the plume.
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Figure 3-7. UV-vis spectra showing release from SP:HDA droplet in SDBS solution.

According to the spectra, two significant absorbances were observed at ~ 350 and 400 nm. The
absorption at ~ 350 nm was likely due to SP that had either come out of the droplet or resulted
from conversion of MC to SP during UV-vis measurement. The absorption at ~ 400 nm could
have been related to the cisoid merocyanine monomer (cis-MC) that must form from SP on
photoisomerization to MC (Figure 3-8).14 No band at 576 nm due to MC itself, was observed.
However, this does not mean that MC was not formed as merocyanine to spiropyran
isomerization usually occurs spontaneously12 as indicated in Figure 3-8. In addition, the plume
material was clearly fluorescent and SP and cis-MC are not fluorescent whereas MC is, as is
shown in the subsequent study (Figure 3-9).3
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Figure 3-8. Mechanism of photochemical isomerization of spiropyran to merocyanine.12

The emission spectra of a solution of the SP:DCE (10-5 M) were obtained. Exciting the SP
solution at 342 nm (determined from its UV spectrum as in Figure 3-5), led to a fluorescence
band at 640 nm (Figure 3-9, red line). Irradiation of the SP solution for 10 sec with 365 nm
light to convert SP to MC and exciting the resulting MC solution at 576 nm (see Figure 3-5),
resulted in the same band at 640 nm (Figure 3-9, blue line). Therefore, excitation of SP led to
the formation of MC that posed challenges for the study of this system and characterization of
the plume.

Figure 3-9. Emission spectra for SP:DCE solutions obtained by applying excitation wavelengths of 342
nm (no 365 nm light irradiation) (red line) and 576 nm (after 365 nm light irradiation) (blue line).
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Nonetheless, further spectroscopic study of both the droplet and plume was undertaken in
collaboration with Prof. Keith Gordon at the University of Otago in Dunedin, New Zealand,
who had considerable experience in studying transient species of this type.
Since the UV-vis spectrum of the plume showed an absorption around 350 nm (Figure 3-7), a
fluorescence study was undertaken by applying 355 nm as the excitation wavelength and
emission of the following solutions was obtained; a) DCE (Figure 3-10, black line), b)
HDA:DCE (0.1M) (Figure 3-10, red line), c) SP:DCE (0.1 M) (Figure 3-10, blue line) and d)
SP:HDA:DCE (0.1 M; 1:1) (Figure 3-10, pink line). According to the spectra, no emission was
observed for DCE (Figure 3-10, black line) and HDA:DCE (Figure 3-10, red line) as expected
while SP:DCE (Figure 3-10, blue line) showed emission around 640 nm resulting from MC
generated from the SP excitation. In the case of SP:HDA:DCE (Figure 3-10, pink line), a small
shift to the red of the MC fluorescent peak (640 nm) was observed. Since there was no reaction
between SP and HDA,2 then it is likely that a non-covalent interaction between MC and HDA
led to this red shift, potentially as a result of deaggregation of the MC.15
The emission of the SP:HDA droplet and the plume were further investigated. A small amount
of aqueous solution containing SDBS (7 mM) was poured in a NMR tube and a SP:HDA
droplet (0.1 M; 1:1) was placed in the solution. Emission above the droplet (plume) at 642 nm
was observed before (Figure 3-10, green line) and after (Figure 3-10, dark blue line) UV
irradiation of the droplet, indicating the presence of MC in the plume. When probing the droplet
itself (Figure 3-10, purple line) after irradiation of 365 nm light, the strong emission at 642 nm
was present as a result of SP to MC isomerization within the droplet.
While these studies do not unequivocally prove the presence of MC in the plume due to the
possible conversion of SP to MC by the excitation wavelength, the fluorescent nature and initial
red color of the plume itself suggests that it is at least partially MC.
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Figure 3-10. Emission spectroscopy data for DCE (black line), HDA:DCE (0.1M) (red line), SP:DCE
(0.1 M) (blue line), SP:HDA:DCE (0.1 M; 1:1) (pink line), above the droplet (plume) before 365 nm
light irradiation (green line), after 365 nm light irradiation (dark blue line) and droplet under 365 nm
light irradiation (purple line). Excitation carried out at a wavelength of 355 nm.

3.2.1.2

Resonance Raman spectroscopy study

Another measurement, which was done at the University of Otago, was resonance Raman
spectroscopy to further characterize the droplet and plume. In this case, 413 nm was selected
as the excitation wavelength. The spectra were recorded for solutions of a) DCE (Figure 3-11,
black line), b) SP:DCE (0.1 M) (Figure 3-11, red line) and c) SP:HDA:DCE (0.1 M; 1:1)
(Figure 3-11, green line) in a NMR tube. In the SP:DCE solution spectrum (Figure 3-11, red
line), bands near 1337 and 1520 cm-1 are likely due to symmetric and antisymmetric stretching
modes of the nitro group.16 The addition of the weak acid (HDA) to the SP:DCE (Figure 3-11,
green line), seemed to make no difference to the resulting spectrum, consistent with no reaction
between SP and HDA. The peak at 1567 cm-1 appears to be due to SP.
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The spectra for the SP:HDA droplet and the plume were further investigated. A small amount
of aqueous solution containing SDBS (7 mM) was poured in a NMR tube and a SP:HDA
droplet (0.1 M; 1:1) was placed in the solution. When probing the droplet itself (Figure 3-11,
cyan line), small new peaks at 1468 and 1553 cm-1 were appeared. The peak at 1468 cm-1 could
be assigned to cis-trans-cis (CTC) with respect to the three C-C partial double bonds in the
merocyanine skeleton. As this bond is observed in the spectrum of the aggregate, it could
suggest that the aggregate contains three transoid merocyanine conformers.16 In the case of the
plume (Figure 3-11, blue line), it was expected to see the band related to MC but no clear band
was observed for the plume. Residual peaks at 654 and 754 cm-1 indicated that DCE was
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Figure 3-11. Resonance Raman data for DCE (black line), SP:DCE (0.1M) (red line), SP:HDA:DCE
(0.1 M; 1:1) (green line), above the droplet (referred to the plume) (blue line) and droplet (cyan line).
Dotted spectra represented UV-irradiated samples. Excitation was carried out with a wavelength of 413
nm.
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The emission study showed that the presence of HDA did not have a significant effect on the
droplet composition but might have caused deaggregation of MC. The resonance Raman
measurement also showed the presence of organic solvent in the aqueous phase.
3.2.1.3

IFT measurements

As previously mentioned, a gradient in IFT results in Marangoni flow at the droplet interface,
which in turn creates an internal convective flow leading to droplet motion.6 It has been shown
that the spiropyran form has a higher IFT than the merocyanine form.2, 17 Considering this, the
IFTs for solutions of nitrobenzene (PhNO2) (Table 3-1) and SP:PhNO2 (0.1 M) (Table 3-2) as
references, and an SP:HDA:PhNO2 (0.1 M) droplet were measured by using the pendant drop
method. In this method, a pendant droplet of the desired solution was suspended in DI water
and the IFT was measured before and after applying light. Initially, measurement of the IFT of
the droplet in surfactant-containing water was attempted but this was not successful because
the IFT difference between the two phases allowed the aqueous phase to enter the goniometer
needle. Direct measurement of the droplet IFT was possible only for SP:HDA droplets
dissolved in DCE without surfactant in the aqueous phase. Measurements were done five times
for each solution and the average values (mN/m) are reported in Tables 3-1 and 3-2.

Table 3-1. IFT value for pure PhNO2 in water.
Conditions

IFT (mN/m)

Measured value (at 23 ºC)

24.0 ± 0.5

Literature Value (at 20 ºC)18

25.2 ± 0.1
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Table 3-2. IFT values for SP:PhNO2 (0.1M) and SP:HDA: PhNO2 droplet in water.

SP:PhNO2 (0.1 M)

IFT (mN/m)

SP:HDA:PhNO2 (0.1 M)

IFT (mN/m)

Initial value (No
light)

23.11 ± 0.2

Initial value (No light)

26.26 ± 0.3

365 nm, 1 min

20.42 ± 0.4

365 nm, 1 min

24.59 ± 0.4

365 nm, 2 min

20.05 ± 0.4

365 nm, 2 min

24.05 ± 0.3

365 nm, 3 min

19.81 ± 0.4

365 nm, 3 min

23.90 ± 0.2

365 nm, 4 min

19.70 ± 0.4

365 nm, 4 min

23.66 ± 0.3

365 nm, 5 min

19.52 ± 0.5

365 nm, 5 min

23.47 ± 0.2

Visible light, 1 min

19.90 ± 0.5

Visible light, 5 sec

23.64 ± 0.2

Visible light, 5 min

20.10 ± 0.5

Visible light, 30 sec

23.66 ± 0.2

According to Table 3-1, the measured IFT value for PhNO2 (24 mN/m, at 23 ºC) is slightly
lower that the reported value (25.2 mN/m, at 20 ºC),18 likely due to the temperature difference
in the two experiments.
As can be seen in Table 3-2, the initial IFT value for the SP:PhNO2 droplet was close to that
of PhNO2 droplet. Five mins irradiation by 365 nm light of the SP:PhNO2 droplet led to a
decrease of 3.6 mN/m. This UV-induced IFT lowering was consistent with IFT measurements
previously reported for a similar spiropyran moiety measured in either toluene or benzene.17 In
addition, 5 mins visible light irradiation following the UV light irradiation, led to an IFT
increase of 0.6 unit. This was also consistent with, although somewhat lower, than the previous
report.
The IFT was then measured for the SP:HDA:PhNO2 droplet. Comparing the initial IFT values
of this droplet (26.3 mN/m) with that of SP:PhNO2 droplet (23.1 mN/m), the initial IFT values
for the former was higher than that of the latter at the same concentration. In addition, it was
above that of pure PhNO2 (24.0 mN/m). This suggests that the HDA dominates the surface
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effects as a result of coverage of the SP:HDA:PhNO2 droplet surface with HDA, which would
affect the surface activity of the droplet. As was observed for the SP:PhNO2 droplet, upon UV
light irradiation on the droplet, the IFT decreased by 2.8 mN/m, with only a small increase in
IFT observed on irradiating the SP:HDA:PhNO2 droplet with visible light, albeit for only 30
sec.
Based on a simple estimation of γ for swimming droplets driven by chemical reactions
described by Maass and coworkers,6 an IFT gradient of only 0.03 mN/m is required to move a
2 µL size droplet with a speed of 10.6 mm s-1.2 Therefore, the UV and visible-induced IFT
changes reported in Table 3-2 would be enough to move a SP:HDA droplet.

3.2.1.4

Marangoni flow observation

As previously described, an asymmetric change in droplet IFT results in a Marangoni flow at
the droplet interface and creates a convective current inside the droplet leading to its
movement.6 The Marangoni flow within the SP:HDA droplet was studied (Figure 3-12).
Initially, the droplet was light red (Figure 3-12a). As the commercial SP with a grade of 93%
was used, this red color is likely due to the presence of a small amount of MC in the droplet.
Upon irradiation with 365nm light, the droplet instantly turned red on the side facing the light
(Figure 3-12b), indicating isomerization of SP to MC. The movement of the red MC through
the centre of the droplet can be clearly seen in Figures 3-12c-g indicative of the generation of
a Marangoni convective current. The whole droplet then became more red (Figure 3-12h) as
the current drove the MC throughout the droplet.
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Figure 3-12. Convective flow inside the SP:HDA droplet. Red color inside the droplet shows current
inside, which (a) before light irradiation, (b) started at the beginning, (c-g) spread across the droplet and
(h) continued until the whole droplet became red. Photos show top view of droplet taken with cell phone
camera.

Along with this Marangoni current observation, the top view of the droplet showed that the
droplet was spherical (Figure 3-12). In order to verify this, the side view of the droplet was
studied with the goniometer (Figure 3-13). A 2 µL of SP:HDA droplet (0.1 M) in the aqueous
solution of SDBS (7 mM):CaCl2 (0.4 mM) was investigated. Figure 3-13a displays the shape
of the droplet before light irradiation, which shows a slight deviation from spherical. This is
likely due to contact of the droplet with the glass substrate. By irradiating the droplet with light,
a significant shape change was observed as the droplet moved toward light (Figure 3-13b and
Movie 3-1).
Advancing (Θa – towards light) and receding (Θr) contact angles were measured before and
after light irradiation at the two ends of the droplet (Figure 3-13). This showed that there was
an increase of 9o in Θa (from 146 o to 155 o) along with 6 o decrease in Θr (from 153 o to 147 o)
before and after light irradiation, respectively. These changes are consistent with the idea that
the driving force for the light-driven liquid motion is an imbalance in contact angles generated
on both edges of a droplet.19 However, it should be noted that, while this could be due to an
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IFT change,2 the friction of the droplet with the glass surface might also affect this shape
change. Movie 3-1 shows the droplet movement along with its shape change.

Figure 3-13. Side view of SP:HDA droplet (a) before and (b) after light irradiation. Photos were taken
from Movie 3-1.

3.2.1.5

Proposed mechanism of movement

In general, droplet movement could be explained if a species within a droplet undergoes a
chemical interaction with the surfactant molecules creating an IFT gradient and generating an
interfacial Marangoni flow along with an internal Marangoni convection flow leading to
droplet movement in the opposite direction by conservation of momentum.6 This proposed
mechanism is consistent with the results obtained for photoactivated SP droplet motion as is
explained as follows.
In the SP:HDA droplet system, it was shown that the HDA did not react with SP and showed
no effect on the SP to MC isomerization. Spectroscopic measurements revealed that applying
365 nm light on the droplet resulted in SP to MC isomerization, which was shown to effect a
change in IFT (Table 3-2). This local change of IFT at the droplet interface could then have
changed the surface activity of the surfactant molecules, leading to a Marangoni flow toward
the region of higher IFT and a convective flow within the droplet (Figure 3-12) and resulting
in droplet movement away from the light in the direction of the internal current. The application
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of visible light on the MC-containing droplet (red) caused a clear change of the droplet color
from red to colorless due to the photoisomerization of MC to SP. This would induce the reverse
process to the above as a result of an increase in IFT and droplet movement toward the light.
Figure 3-14 schematically shows the changes in the SP:HDA droplet under 365 and 405 nm
lights irradiation.

Figure 3-14. Schematic description of the movement of SP:HDA droplet; (a) A droplet composed of
SP and HDA, (b) on irradiation with 365 nm light, the droplet in (a) partially turned to red on the side
facing the light and moved away from the light, (c) after a few sec, the whole droplet in (b) turned to
red but still moved, (d) upon 405 nm light irradiation, droplet in (c) started to become colorless and
moved toward light. Solid and dotted black arrows show the direction of external and internal
Marangoni flow, respectively. Pink arrows show the direction of droplet motion.

3.2.2 Characterization of MCH+:DBS- system
The MCH+:DBS- droplet system as described in Section 3-2 was characterized in a similar
fashion to the SP:HDA droplet system.
3.2.2.1

UV-vis and fluorescence spectroscopy study

It was previously shown that no motion was observed for a MCH+:DBS- droplet made from a
freshly prepared solution (Section 3.2). So, initially, UV-vis measurements were undertaken of
a freshly prepared solution of MCH+:DBS- (10 -3 M) (Figure 3-15).
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Figure 3-15. UV-vis spectra for MCH+:DBS- solution before (red line) and after (blue line) 365 nm
light irradiation. The background spectrum of DCE (black line) is also shown.

The absorption spectrum of the freshly prepared solution MCH+:DBS- is the red line shown in
Figure 3-15 with only a weak band at 424 nm, the band characteristic of MCH+:DBS-.
Irradiating this solution with 365 nm light led to an increase of the 424 nm absorption (Figure
3-14, blue line) suggesting that the light had stimulated an increase in the formation of
MCH+:DBS-. In contrast, the UV-vis spectrum of a 12 hr aged MCH+:DBS- solution showed a
significant 424 nm absorption and the NMR spectrum was that of MCH+:DBS-.2 As was
reported in the discussion of the NMR spectrum, upon addition of a strong acid, protonation of
the indoline nitrogen of spiropyran could occur to form protonated spiropyran (SPH+)20-22 and
this moiety could convert to protonated merocyanine.20 As a result, the increase of the 424 nm
absorption (Figure 3-14, blue line) appears to be due to light-induced SPH+ to MCH+
conversion.
As was observed for the SP:HDA system (Section 3.2.1), a plume was ejected from the
MCH+:DBS- droplet while it was moving and this is pictured in Figure 3-16.
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Figure 3-16. Representation of the yellow plume emitted from the moving MCH+:DBS- droplet upon
irradiation with 365 nm light. The picture was taken with a cell phone camera.

The color of the plume was yellow with a pink shadow around. This suggested the presence of
both merocyanine and protonated merocyanine in the plume. The experimental method for
plume characterization was similar to that for the in-situ study of the SP:HDA droplet (Section
3.2.1.1, Figure 3-6) such that a 50 µL aged MCH+:DBS-:DCE droplet (0.1 M) was placed on
the bottom of a 1 cm cuvette and the aqueous solution (distilled water) poured slowly onto the
droplet. After this, the droplet area was covered with a piece of cardboard to prevent recording
any absorption related to the droplet. The droplet was exposed to 365 nm light for 15
consecutive steps such that in each step 365 nm light was applied on the droplet for two mins
and then the cuvette immediately was placed inside the spectrophotometer to measure the
absorption of the released plume.
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Figure 3-17. UV-vis spectra for the plume of MCH+:DBS- droplet upon 365 nm light irradiation
showing an absorption peak around 430 nm indicating protonated merocyanine exited from the droplet.

As could be observed in Figure 3-17, by applying 365 nm light, the absorption peak of
protonated merocyanine (~ 430 nm) increased with the consecutive droplet irradiations. The
absorption band around 220 nm could be attributed to DBSA (DBS-) releasing from the
droplet.23 The release of the DBSA as an acidic surfactant was consistent with the pH study
undertaken by Xiao in our laboratory, which showed that 77% of DBSA release happened upon
five mins irradiation of light on an MCH+:DBS- droplet.2 However, SP also absorbs strongly in
this region (Figure 3-5) so the presence of SP in the plume cannot be ruled out.
Given its fluorescent nature, emission spectroscopy of the plume was undertaken at the
University of Otago. Initially, the following solutions were examined; a) DCE (Figure 3-18,
black line), b) DBSA:DCE (0.1M) (Figure 3-18, red line), c) SP:DCE (0.1 M) (Figure 3-18,
blue line) and d) SP:DBSA:DCE (0.1 M; 1:1), (Figure 3-18, pink line).
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According to the spectra, no emission was observed for DCE (Figure 3-18, black line) while
DBSA:DCE (Figure 3-18, red line) showed a broad emission at around 540 nm. As DBSA is a
mixture of isomers and contains up to 5% impurities, it is likely that these impurities are the
source of this fluorescence. The emission from the SP:DCE solution (Figure 3-18, blue line) at
640 nm was likely due to the conversion of SP to MC as a result of excitation at 355 nm as
previously discuss (see Figure 3-9). However, for SP:DBSA:DCE (Figure 3-18, pink line),
there was a broad band at 587 nm with an obvious shoulder at 555 nm. Kang et al. have reported
the solution state emission of a merocyanine protonated by DBSA at 600 nm in THF and at
535 nm in PMMA.24 Therefore, it is likely that the emission at 587 nm was due to MCH+:DBSwith the shoulder at 555 nm due to the DBSA impurities as observed above.
Then the emissions for the droplet and aqueous solution above the droplet (plume) were
obtained. As for SP:HDA system (Section 3.2.1.1), a small amount of the aqueous solution was
poured into a NMR tube and an aged MCH+:DBS- droplet was placed in the tube. The region
above the droplet (plume) gave a band at 640 nm before (Figure 3-18, green line) and after
(Figure 3-18, dark blue line) UV irradiation, which suggested that MC was leaving the droplet,
rather than MCH+:DBS- as had been demonstrated above. When probing the droplet itself
(Figure 3-18, purple line), a broad band was observed at 617 nm with a shoulder at 539 nm.
This 617 nm emission was in between the emissions ascribed to MC (Figure 3-18, blue line) at
640 nm and MCH+:DBS- (Figure 3-18, pink line) at 578 nm, with the broader band at 539 nm
being in a similar position to that reported for an MCH+:DBS- in polymer.24 Given the
irradiation of the droplet should lead to the presence of both MCH+:DBS- and MC in the
droplet, these shifted bands are consistent with that and may be due to the high concentration
of the active species in the droplet.
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Figure 3-18. Emission spectroscopy data for solutions of: DCE (black line), DBSA:DCE (0.1M) (red
line), SP:DCE (0.1 M) (blue line), SP:DBSA:DCE (0.1 M, 1:1) (pink line), above droplet (referred to
the plume) before (green light) and after (dark blue line) 365 nm light irradiation and droplet upon 365
nm light irradiation (purple line). Excitation carried out at a wavelength of 355 nm.

Nonetheless, the results from the two plume characterisation experiments are different with the
Wollongong measurements showing only the presence of MCH+:DBS- and the Otago
measurements showing only MC. This is likely due to the two different measurement
techniques and reflects the difficulties associated with obtaining photochemical based
measurements of these photoactive species.
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3.2.2.2

Resonance Raman spectroscopy study

For further characterization of the MCH+:DBS- system, resonance Raman spectroscopy was
done in collaboration with Prof. Keith Gordon at the University of Otago, New Zealand. The
wavelength of 413 nm was selected as the excitation wavelength.
The solutions that were examined were a) DCE (Figure 3-19, black line), b) SP:DCE (0.1M)
(Figure 3-19, red line) and c) SP:DBSA:DCE (0.1 M) (Figure 3-19, green line).
The resonance Raman data exhibited a number of spectra variations for the various mixtures
involved (Figure 3-18). On addition of strong acid (DBSA) various peaks (638, 949, 970, 1093,
1121, 1183, 1304, 1467 and 1604 cm-1) became evident (Figure 3-19, green line). These peaks
were likely associated with the protonated active component (MCH+:DBS-). This data was
supportive of the emission data and the presence of the protonated species. Residual band
intensity at 1337 cm-1 indicated that this species was in equilibrium with the non-protonated
species present in DCE.
As components were combined to form the droplet sample, resonance data above the droplet,
even after one min of 365 nm irradiation, was minimal. Residual peaks at 654 and 754 cm -1
indicated that DCE was present above the droplet, in both the non-irradiated and irradiated
forms. When probing the droplet, there was an increase of signal and evidence of the active
MCH+ component along with SP, formed from the ring closure of MC.
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Figure 3-19. Resonance Raman data for DCE (black line), SP:DCE (0.1M) (red line), SP:DBSA:DCE
(0.1 M; 1;1) (green line), above the droplet (referred to the plume) (blue line) and droplet (cyan line).
Dotted spectra represented UV-irradiated samples. Excitation was carried out with a wavelength of 413
nm.

3.2.2.3

Kinetic study on MCH+:DBS- droplet

Given that aging the MCH+:DBS- solution considerably increased the amount of protonated
merocyanine leading to droplet movement, a kinetic study was undertaken to investigate how
the droplet composition changed from fresh to aged conditions. UV-vis spectra of a solution of
4.2×10-5 M SP:DBSA (1:1):DCE were collected for a 24-hr period and the spectra are shown
in the Figure 3-20.

87

Figure 3-20. The UV-vis spectra of the SP:DBSA:DCE solution collected for a 24-hr period, Black
arrows show increasing (for protonated merocyanine) and decreasing (for protonated spiropyran or cismerocyanine) trends of the absorption.

The initial UV-vis spectrum (Figure 3-20, bottom blue line) indicated that the freshly prepared
solution had almost no peak due to MCH+ (432 nm) but significant absorptions at ~340, 260
and 245 nm presumably due to protonated spiropyran rather than SP itself, which is rapidly
protonated as evidenced by NMR studies.2 Over 24 hr, the peak at 432 nm for MCH+:DBSgradually increased indicative of the formation of MCH+:DBS-. A clear isosbestic point was
observed at 290 nm that showed formation of MCH+:DBS- was due to the species absorbing at
~245 and 260 nm. To obtain the order of the reaction and rate constant, kinetic plots of the
formation of MCH+:DBS- were created.
The initial concentration of SP was 4.2×10-5 M and the peak at 245 nm was selected for
calculation. When a 4.2×10-5 M solution of SP:DBSA (1:1):DCE was prepared, it took about
five mins to be transferred to cuvette and spectrometer.
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In order to calculate the absorption of SP at the time = 0, the plot of absorbance (peak at 245
nm) versus time was extrapolated to t = 0 (Figure 3-21a), and the absorbance of the colorless
SP was determined: A SP,245nm, at t=0 = 0.617

Figure 3-21. Kinetics plots for a solution of SP:DBSA (1:1):DCE (4.2×10-5 M), (a) Extrapolated plot
of SP absorbance (245 nm) vs time, (b) 1/C vs time, (c) MCH+DBS- absorption (423 nm) vs time and
(d) 1/(C0-Cx) vs time.

According to Beer-Lambert law (Equation 3-1), calculate the excitation coefficient for SP was
calculated;
A= lc

(Equation 3-1)

Where A= measured absorbance,
= absorptivity coefficient,
l= path length,
c= analyte concentration
So:
89

=A/lc= SP,245nm= (1×0.617/4.2×10-5) =14690 dm3mol-1cm-1
By having the excitation coefficient as well as absorbance at different time intervals,
concentrations in each time could be calculated and the graph of 1/C versus time was obtained
(Figure 3-21b). Since it was a linear plot, the reaction was second order and the reaction rate
constant (k) was:
k =0.13 dm3 mol-1 s-1
Calculations were then done for MCH+:DBS- (Table 3-3) , which was related to λ= 423 nm.
Again from the Beer-Lambert law for the last experiment at t = 23.5 hr (84900 sec), the
concentration of unreacted SP was 2.9 ×10-5 M. Therefore, the concentration of the products,
MCH+ and DBS-, could be determined from the stoichiometry of the reaction as shown below.
Table 3-3. Concentrations of SP:DBSA and MCH+:DBS- at t=0 and t= 23.5 hr.
SP

DBSA

MCH+

DBS-

Conc. at t=0

4.2×10-5 M

4.2×10-5 M

0M

0M

Conc. at t= 23.5 hr.

2.9×10-5 M

2.9×10-5 M

(4.2×10-5 M - 2.9×10-5 M)

(4.2×10-5 M - 2.9×10-5 M)

Since A= lc, So: Cend, 23.5h= [(0.426)/14690×1] =2.9×10-5M (SP left)
The difference of concentration of initial SP and the amount left at the end was the
concentration of the protonated form produced:
CMCH+ at t end, 23.5h = (4.2 ×10-5 M) - (2.9 ×10-5 M) = 1.3 ×10-5M
According to the data related to Figure 26-b:
A MCH+ at t end, 23.5h = 0.431
Excitation coefficient  MCH+ = (0.431/1.3×10-5×1)= 33150 dm3 mol-1 cm-1
As before, two graphs were plotted for MCH+ (Figure 3-21c,d).
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The plot 1/(C0-Cx) was linear meaning the kinetics fitted well into the second-order rate
equation, and the rate constant was calculated to be k=0.12 dm3 mol-1 s-1. After 24 hrs, almost
30% of MCH+:DBS- was produced but this calculation was undertaken at a concentration of
10-5 M, which was 4 orders of magnitude lower than the real case.
This result was consistent with our observation that the reaction between DBSA and SP was
slow and required several hrs to produce MCH+, and depended on the concentration of both
the added acid (DBSA) as well as the spiropyran.

3.2.2.4

IFT measurement

In order to support the mechanism of droplet motion, the IFT was measured for MCH +:DBSdroplet via the pendant drop method. Measuring IFT was similar to that done for the SP:HDA
droplet (Section 3.2.1.3) such that a pendant droplet was immersed in an aqueous solution
(deionized water) and IFT was measured before and after light illumination. This measurement
was done five times for solutions and the average value reported here. Table 3-4 shows the
effect of light on the IFT of the solutions.
Table 3-4. IFT measurements for MCH+:DBS- droplet in water.

Conditions

IFT (mN/m)

Initial value

10.6 ± 0.7

365nm, ~3 seconds

4.8 ± 0.2

As can be seen in the Table 3-4, applying light on the droplet resulted in IFT decreasing almost
five units. This was likely due to both MCH+ to SP conversion and release of DBS- (or DBSA)
surfactant into the aqueous solution (Figure 3-17). It should be mentioned that the initial IFT
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value of 10.6 mN/m for MCH+:DBS- droplet was already much smaller than that of SP:HDA
droplet (26.26 mN/m, Table 3-2). Since keeping MCH+:DBS- droplet in dark for 10 mins
resulted in a release of at least 8.6% DBS- (or DBSA) into the water,2 the lower IFT was due
to partially release of DBS- (or DBSA) from the droplet into the aqueous medium.

3.2.2.5

Marangoni flow observation

As previously discussed, the asymmetric change in IFT results in a Marangoni flow at the
droplet interface, which creates a convective current inside the droplet leading to droplet
movement.6 Marangoni flow was studied for the MCH+:DBS- droplet by placing 1 µL of the
MCH+:DBS- droplet into the aqueous solution and recording the changes in the droplet upon
365 nm light irradiation. While Marangoni convection was observed in the MCH+:DBS- droplet
(Figure 3-22, Movie 3-2), the flow direction could not be readily determined due to the
conversion of the yellow MCH+:DBS- to the colorless SP. This IFT change (Table 3-3) led to
an interfacial Marangoni flow as well as a corresponding internal Marangoni convection flow
resulting in the droplet movement toward the light. While Figure 3-22 shows the current inside
the MCH+:DBS- droplet, the friction between droplet and glass surface affected the shape
change of the droplet.
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Figure 3-22. Representation of change in MCH+:DBS- droplet shape and emerging current inside (a)
before and (b) after light irradiation by using goniometer. Photos were taken from Movie 3-2. It should
be mentioned that the flow direction could not be readily observed due to the conversion of the yellow
MCH+:DBS- to the colorless SP.

3.2.2.6

Proposed mechanism of MCH+:DBS- droplet movement

In this section, the obtained results are used to propose an explanation for the movement of
MCH+:DBS- droplet. The characterization work revealed that contrary to SP:HDA droplet, in
this system, both acid (DBSA) and SP played a key role in the droplet movement. Mixing SP
and DBSA resulted in formation of the MCH+:DBS- moiety. The aged solution of MCH+:DBSwas needed for the droplet motion.
Upon light irradiation (either 365 nm or 405 nm), photoisomerization of MCH+ to SP induced
a decrease in IFT (Table 3-3), along with release of DBS- (or DBSA) at the droplet interface
(Section 3.2.2.1). So, at the point of irradiation, a higher concentration of DBSA, as a
surfactant, was generated, which in turn created a low surface tension area on one side of the
droplet. This IFT difference at the two sides of the droplet resulted in an external Marangoni
flow from the area of lower to that of higher IFT and a corresponding internal Marangoni
convection flow in the opposite direction that ultimately moved the droplet toward light. A
schematic description of movement is shown in the Figure 3-23.
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Figure 3-23. A schematic description of movement of MCH+:DBS-droplet; (a) droplet composed of SP
and DBSA, (b) on irradiating 365 nm light, photoisomerization of MCH+ to SP as well as DBS- (or
DBSA) released from the side facing the light creates IFT gradient through the droplet (showed by low
and high γ) and resulting in Marangoni flows in the system. Finally droplet moved toward the light.
Solid and dotted black arrows showed the direction of external and internal Marangoni flow
respectively.

3.3

Light- driven double emulsions

Double emulsions are systems composed of two liquids, which are separated by a third liquid,
immiscible in the original liquids.25 These systems have shown great potential in various
technologies and for many applications, especially in food science,26 cosmetics,27
pharmacology28-30 and biology.31 Given the importance of this area, the ability of the developed
photoactive droplets to be utilized in double emulsions was investigated and the results are
discussed in the following sections.

3.3.1 Double emulsion preparation
In order to develop a moveable photoactive double emulsion droplet, the preparation method
proposed by Che et al.32 using a system consisting of a co-flowing structure was initially
adopted. The experimental setup for the production of water-in-oil-in-water (W/O/W) double
emulsions is shown in Figure 3-24.
94

Figure 3-24. Schematic representation of co-flowing method for double emulsion formation. The
organic phase and aqueous phases are indicated by red and white colors, respectively. Step 1 (left hand)
was the formation of water droplets in oil (W/O) and step 2 (left hand) the formation of water-in-oil-in
water (W/O/W) droplets in water at the tip of a tube. The figure was adapted from Che et al.32

The formation process of the double emulsions consisted of two steps: the first step (step 1 in
Figure 3-24) was the formation of water droplets in oil (indicated by W/O droplets in Figure
3-24) at a co-flowing structure, and the second step (step 2 in Figure 3-24) was the formation
of water-in-oil-in water (W/O/W) droplets in water at the tip of an inverted tube (indicated by
W/O/W double emulsion droplets in Figure 3-24). To form a co-flowing structure, a plastic
tube was attached to a syringe needle (syringe 1) and a second blunt stainless syringe needle
was bent by 90◦ and inserted into the tube (syringe 2), 1-2 cm away from the first needle. The
organic solution of SP:HDA (0.1 M, 1:1):span 80 (2% wt of HDA), DCE:toluene (1:2) was
introduced into the tube from syringe 1 (indicated by the red color in Figure 3-24). Span 80,
was added into the organic phase to assist the creation of droplets and to stabilize them against
coalescence.32 As contact of double emulsions with the bottom of a container can destabilize
them,33 in this case, toluene, an organic solvent lighter than water, was used to ensure the
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droplet remained at the water/air interface. The aqueous solution in syringe 2 contained
aqueous SDBS (7 mM) (indicated as white in Figure 3-24). The plastic tube was inverted in an
aqueous solution of SDBS 7mM:CaCl2 0.4mM in a glass container to assist the formation of
the double emulsion droplets.
The two streams were introduced at constant flow rates into the system using the two syringes
and their flow rates were controlled separately by two syringe pumps. The aqueous solution
and the organic phase streamed with flow rates of 2 and 3 ml/hr ,respectively - the flow rates
used by Che et al32 - met at the co-flowing structure (step 1 in Figure 3-24) to form W/O
droplets in the tube. These W/O droplets passed through the tube and exited upwards into the
aqueous phase in the glass container. However, the first attempts resulted in a formation of
single emulsion organic droplets only as a result of the aqueous core droplets in the tube
merging with the aqueous solution in the glass container. This suggested the need to improve
the stability of the aqueous core droplets.
The successful formation of W/O/W double emulsion droplets was indeed achieved after
addition of CaCl2 (0.4 mM) into the aqueous solution used for the core formation (syringe 2 in
Figure 3-24), since it has been reported that addition of salts can adjust the osmotic pressure
balance between the aqueous phases.34, 35 In this case, W/O/W double emulsion droplets were
formed at the end of the tube tip and after detaching from the tube floated to the water/air
interface. This method produced W/O/W double emulsion droplets with single, double or
multiple cores as shown in Figure 3-25.
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Figure 3-25. Illustration of formation of double emulsion droplets via co-flowing method image
obtained by (a) cell phone camera and (b) Leica microscope. Scale bar is 500 µm.

The movement of these double emulsions in aqueous solution was then investigated by
exposing the droplets to light. The double emulsion droplets could be moved individually or
collectively away from the 365 nm light (Movie 3-3) depending on the light coverage. The
direction of motion was the same as for single SP:HDA droplets (Section 3.2). The droplets
moved irrespective of the number of cores, however, close examination of the moving droplets
suggested that the cores might not be stable and were being released into the outer aqueous
phase after only a few seconds. Therefore, an alternative method for the formation of W/O/W
double emulsion droplets was explored to not only generate single core droplets but also to
further study the core stability.
It was found that single core double emulsions could be easily and reproducibly obtained with
a manual pipetting method, which was more economical as much less of the organic phase was
needed. By using a micropipette, an aqueous phase was incorporated into a preformed organic
droplet of known volume, similar to those previously prepared (Section 3-2). Initially, a petri
dish was filled with an aqueous solution of SDBS (7mM):CaCl2 (0.4 M), then an organic
droplet of SP:HDA (0.1 M, 1:1):span 80 (2% wt of HDA):DCE:toluene (1:2) (20 µL) was
placed in this solution. After this, a 0.5 µL of the aqueous SDBS (7mM):CaCl 2 (0.4 mM)
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solution was injected into the organic droplet with a micropipette to form a W/O/W double
emulsion droplet (Figure 3-26).

Figure 3-26. Schematic representation of the pipetting method for double emulsion formation. (a)
Introduction of an aqueous core into the organic droplet to (b) obtain the double emulsion droplet.

When 365 nm light was applied to the double emulsion droplet, it moved away from the light
as previous. The speed of the double emulsion droplet was measured until the core was
released, and it was compared to the speed of a simple droplet (without aqueous core) of the
same size (20 µL) over the same time of movement recorded for double emulsion droplet.

Table 3-5. Speed for simple droplet and double emulsion droplet.

speed (mm s-1)

Simple droplet

Double emulsion droplet

2.0

2.7

As can be seen in Table 3-5, the speed of movement for double emulsion droplet was slightly
higher than the speed of the simple organic droplet although this was for a single measurement
with no consideration of errors.
To visualise the core release, a fluorescent dye (Coumarin 343) was added into the core. As
above, the petri dish was filled with aqueous solution of SDBS (7mM):CaCl2 (0.4 M) and an
organic droplet of SP:HDA (0.1 M, 1:1):span 80 (2% wt of HDA):DCE:toluene (1:2), (10 µL)
was placed in the aqueous solution. The core containing SDBS (7mM):CaCl2 (0.4 mM), (0.5
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µL) and Coumarin 343 was introduced within the organic droplet (Figure 3-27a, Movie 3-4).
As before, irradiation of the double emulsion droplet with 365 nm light moved the droplet away
from the light. As can be seen in Movie 3-4 and Figure 3-27b and c, after moving for almost
one minute (Movie 3-4 was edited to reduce playing time), the aqueous core was released from
the organic droplet. This was considerably better than for the double emulsion droplets
generated by the co-flowing method that appeared to be stable for no longer than 10 seconds.

Figure 3-27. Illustration of (a) aqueous core inside organic droplet, (b) movement of droplet upon 365
nm light irradiation and (c) release of the aqueous core containing Coumarin 343 dye into the aqueous
solution after 1 min. Photos were taken from Movie 3-4, which was edited to reduce the playing time.

3.3.2 Double emulsion system modification
During the course of this work, my fellow student Yang Xiao showed that HDA was not
necessary for droplet motion.7 Therefore, to make the double emulsion system simpler, HDA
was removed from the organic phase. Similar to the HDA double emulsion system, both the
simple organic droplet as well as double emulsion droplet were studied. The composition of
the organic phase was SP (0.1 M):span 80 (3.6 mM):DCE:toluene (1:2), 20 µL. Both the
aqueous core (0.5 µL) as well as the external aqueous phase had the same composition of SDBS
(7mM):CaCl2 (0.4 mM). Both the HDA-free simple and double emulsion droplets moved away
from 365 nm light as had occurred for the HDA-containing droplets. As shown in Table 3-6,
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the double emulsion droplet moved with an average speed of 5.5 mm s-1, 66% faster than the
simple organic droplet that moved with a speed of 3.3 mm s-1.

Table 3-6. Speed for simple droplet and double emulsion droplet.

Speed (mm s-1)

Simple droplet

Double emulsion droplet

3.3

5.5

It should be noted again that the data in Table 3-6 was obtained from single measurements.
However, following this work, the same experiment was carried out by Carly Baker in our
laboratory with five repetitions that showed the double emulsion droplet was indeed 65%
faster.
The origin of the increased speed for the double emulsion droplet is not clear at this point.
However, Fu et al. have reported that theoretically, applying an external force on a double
emulsion droplet core accelerates the liquid mixing in the shell.36 Since, under light irradiation,
a Marangoni convection current is generated within the droplet (Section 3.2.1.4), this would
provide a driving force (external force) to move the core. The resulting movement and liquid
mixing could increase the Marangoni convection in the droplet and, in turn, the Marangoni
flow outside the droplet leading to a speed increase.
To investigate how the aqueous core was located in the organic phase, the side view of this
double emulsion droplet was studied using the goniometer video system (Figure 3-28, Movie
3-5). A glass container was partially filled with an aqueous solution of SDBS (7mM):CaCl2
(0.4 mM). Then 20 µL of organic droplet (SP (0.1 M): span 80 (3.6 mM):DCE:toluene (1:2))
was placed within the container following by injection of 0.5 µL of aqueous core. Figure 3-28
shows the shape of the double emulsion droplet before and after 365 nm irradiation and position
of core within the double emulsion droplet.
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Figure 3-28. Photograph of the side view of double emulsion droplet shape and aqueous core position
(a) before and (b) after applying light taken with goniometer. Photos were taken from Movie 3-5.

From Figure 3-28, it is clear that before applying light, the droplet shape was almost
hemispherical due to the interaction with the air interface, and became spherical upon light
irradiation. Moreover, the core position was at the bottom of the organic phase likely due to
the higher core density.
To understand how the aqueous core behaves while the double emulsion droplet moves, a top
view recording of the double emulsion droplet movement was undertaken (Movie 3-6). The
movie shows that at the beginning, before light irradiation, the core is located in the center of
organic droplet, as in Fig. 3-28a. During light irradiation and motion, the core clearly moved
toward the back edge of the organic droplet, as might be expected given the higher density of
water. However, it is difficult to obtain any more information about the core movement from
this video given the lack in colour contrast of the core and droplet.
It is well established that double emulsions tend to break down during storage or when exposed
to external stresses.37 Since irradiation of the double emulsion droplet clearly affected its
stability, this was studied by measuring the core release time under active (with light
irradiation) and non-active (without light irradiation) conditions. As before, the organic droplet
(SP (0.1 M): span 80 (3.6 mM):DCE:toluene (1:2)), 20 µL, was placed in a petri dish followed
by injection of the 0.5 µL aqueous core composed of SDBS (7mM):CaCl2 (0.4 mM).
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Table 3-7 shows an average of 30 measurements in seconds of the core stability with and
without light. Clearly and not surprisingly, given the thin organic film separating the core and
the aqueous medium as seen in the droplet side view in Figure 3-28, the stationary droplet
(without light irradiation) has much higher core stability than for the irradiated moving droplet.
In particular, the core release time for static double emulsion droplets appeared somewhat
random as indicated by the large error in the static core release time compared to the active
core release time. Since the core contained surfactant and calcium chloride, the leaching of
these materials across the core/shell interface at their point of contact could lead to a decrease
in IFT at that point resulting in rupture of the droplet interface and subsequent core release
from the shell. This may not occur in a consistent fashion for different droplets due to a variety
of factors such as the distance between the core and the shell interfaces, the rate of surfactant
diffusion, the diffusion or mixing within the shell, the temperature and so on. However, light
activated movement of the core due to the Marangoni convection flow inside the shell, as
discussed above, could lead to a much more uniform set of conditions with the core moving to
the shell interface as a result of the shell convection flows, surfactant release across the
core/shell interfaces and core release. Some support for this proposal can be taken from the
theoretical study of Tsemakh et al. who propose that, as a result of surfactant release from the
core, the velocity of the core can exceed that of the droplet leading eventually to contact of the
core with the droplet interface.38

Table 3-7. Core stability measurement in active and non-active states.

Stability in static mode (without light)
(sec)

Stability in active mode (with light)
(sec)

293 (±107)

34.4 (±2.7)
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It has been stated that density mismatching of the inner drop and surrounding shell can
destabilize the double emulsion.33 As Figure 3-27 shows, the core position was at the bottom
of the shell, so the densities of core and shell were measured. This was achieved by measuring
the weight of 20 µL of both the solution containing SP (0.1 M):span 80 (3.6 mM):DCE:toluene
(1:2) and the SDBS (7mM):CaCl2 (0.4 mM) solution and the densities are given in Table 3-8.

Table 3-8. Density measurement of organic droplet and aqueous core.
Solution

Average density (g ml-1)

SP (0.1M):span 80 (3.6 mM):DCE:toluene (1:2)

1.18 (± 0.00026)

SDBS (7mM):CaCl2 (0.4 mM)

1.19 (± 0.00027)

Since the core and shell densities were very similar, it was likely that the only way to change
the relative densities was to increase the amount of the heavy organic phase. This would have
increased the overall droplet density such that it was likely to sink to the bottom of the petri
dish. As noted earlier, contact of double emulsions with the bottom of a container can
destabilize them.33 Therefore, an alternative approach to obtain a more stable double emulsion
was investigated.
Viscose oils are commonly used in double emulsion systems to make them stable.25 As in our
system, the viscosity of DCE (η: 0.85 mPa.s) and toluene (η: 0.5 mPa.s) was very low, such
that adding a viscose oil could have improved the core stability. To this end, paraffin oil (η:
110-230 mPa.s) in different percentages (%w/v) was added to the organic shell (SP (0.1
M):span 80 (3.6 mM):DCE:toluene (1:2), (20 µL)) and the stability of the core containing 0.5
µL of SDBS (7mM):CaCl2 (0.4 mM) was measured (Table 3-9).
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Table 3-9. Effect on the core stability by increasing the viscosity of the double emulsion shell (average
of 30 measurements).

Stability without light
(sec)

Stability with light
(sec)

No paraffin oil

293 (±107)

34.4 (±2.7)

Paraffin oil 1%

378 (±95)

35.5 (±10.8)

Paraffin oil 5%

505 (±106)

35.3 (±10.4)

Paraffin oil 10%

690 (±99)

35.2 (±10.1)

As can be seen in Table 3-9, addition of only 1% of paraffin oil to the organic phase led to a
large increase of the core stability in the stationary double emulsion droplet, and as more
paraffin oil was added, the stability increased substantially. However, this was not reflected in
the stability of the moving droplets that did not change at all under light illumination, which
indicated that another factor was affecting the core stability under irradiation.
As discussed about the core stability above, core release is likely dependent on the interaction
of the core and droplet interfaces and the release of surfactant from the core. The increasing
viscosity of the droplet shell under static conditions presumably creates an increasing barrier
to the interaction of the core and shell interfaces. However, under light activated movement,
the internal Marangoni convection currents are sufficient to drive the core to the shell interface
despite the increasing viscosity of the shell. It might be anticipated that a higher amount of
paraffin oil in the shell could lead to an improvement in the active droplet stability and this
remains to be done in the future.
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3.3.3 Controlling the core release
Since the time of core release was substantially reduced by irradiating the droplet, the idea of
using a second light of the same wavelength to induce core release at a desired time was
investigated using a 10 µL organic droplet (SP (0.1 M): span 80 (3.6 mM):DCE:toluene (1:2))
with a 0.5 µL core containing SDBS (7mM):CaCl2 (0.4 mM) in an aqueous solution of SDBS
(7mM):CaCl2 (0.4 mM) (Figure 3-29 a). Coumarin dye was added to the aqueous core for better
visualization of the core release. Two 365 nm lights were then applied to the droplet from
opposite sides (Figure 3-29b,c), which exerted opposite forces on the droplet causing an IFT
change and a consequent shape change as can be seen in Figure 3-29b, which then led to
immediate core release (Figure 3-29d and Movie 3-7).

Figure 3-29. (a) Preparing a double emulsion droplet, (b,c) applying two 365 nm lights on that from
two opposite sides clearly changed the shape of the droplet, and (d) release of core. Photos were taken
from Movie 3-7.

This ability to control core release opened the way for core release using the second light
following movement of the double emulsion droplet to a specific location. This was studied by
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using the previous system without the Coumarin dye. In this experiment, carbon powder was
added to the aqueous core to demonstrate the ability of this double emulsion system to transport
particles. As shown in Figure 3-30 and Movie 3-8, the double emulsion droplet containing the
carbon powder was moved in a petri dish to a target zone that was marked with white tape
where the core was to be unloaded (Figure 3-30a). Following 365 nm light irradiation of the
droplet (Figure 3-30b), it moved toward (Figure 3-30c) and into (Figure 3-30d) the white zone
where it was irradiated with the second 365 nm light from the opposite side (Figure 3-30e).
This led to core release and unloading of the carbon powder on the targeted area (Figure 330f).

Figure 3-30. Photographs of (a) the double emulsion droplet containing a carbon powder in the core at
some distance from the marked white zone for unloading the core, (b) the application of 365 nm light
on the droplet, (c) directing the droplet toward the white zone, (d) double emulsion droplet reaching the
the white zone, (e) the application of the second 365 nm light on the droplet from the opposite direction
and (f) the release of the core and unloading of the carbon powder on the white area. Photos were taken
from Movie 3-8.

This demonstrated to the best of our knowledge the first example of controlled release of a
double emulsion core at a specific location.
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3.3.4 Droplet and core coalescence
These light driven double emulsion droplets offered the possibility of creating multicore
droplets or undertaking selected core chemistry through core coalescence. This could be
achieved using two droplets with a core inside each of them such that one droplet moved with
light (photoactive droplet 1) and the other one did not (stationary droplet 2). By pushing the
photoactive droplet toward the stationary one and merging them, the result would be a twocore double emulsion with the further possibility that the cores could coalesce.
To investigate these possibilities, the composition of the shell and core for the photoactive
droplet 1 was similar to that used previously such that the organic droplet was composed of SP
(0.1 M):span 80 (3.6 mM):DCE:toluene (1:2) (10 µL) and the aqueous core contained SDBS
(7mM):CaCl2 (0.4 mM) (Figure 3-31a). A smaller size organic droplet (10 L) was used to
create less plume and help to better visualise the cores. In the case of the stationary droplet 2,
the shell was composed of span 80 (3.6 mM):DCE:toluene (1:2) (10 µL) and the core was the
same as the core in the photoactive droplet 1 (SDBS 7mM:CaCl2 0.4mM, 0.5 µL) (Figure 331a).
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Figure 3-31. Photographs of double emulsion droplet mixing to give a one-shell/two-core double
emulsion droplet. (a) Photoactive droplet (droplet 1) and stationary droplet (droplet 2) with aqueous
cores, (b) movement of photoactive droplet 1 upon irradiation with 365 nm light, (c) the approach of
droplet 1 and the stationary droplet 2, (d) mixing of the organic phases of the droplets with separate
cores visible, (e) movement of merged droplet with only one apparent core and (f) merged droplet with
no cores. Photos were taken from Movie 3-9.

Upon 365 nm light irradiation, droplet 1 could be directed toward droplet 2 (Figure 3-31b,c)
but they failed to coalesce. It has been shown that coalescence dynamics of droplets is driven
by surface tension.39 Therefore, in order to assist droplet coalescence by matching their surface
tension, SDBS was added to droplet 2 to give a composition of SDBS (0.1M):span 80 (3.6
mM):DCE:toluene (1:2) (10 µL). As a result, droplet 1 and 2 mixed (Figure 3-31d) after droplet
1 had been directed to droplet 2 by 365 nm light, which resulted in a large coalesced droplet
with a one-shell/two-core configuration (Figure 3-31d). The one-shell/two-core droplet moved
under light irradiation for a further 5 seconds before one of the cores was released (00:50,
Movie 3-9 and Figure 3-31e) and for 13 more seconds before the loss of the second core (01:03,
Movie 3-9 and Figure 3-31f).
It was also observed that droplet coalescence could result in the mixing of the two cores (Figure
3-32, Movie 3-10). The composition of core and shell in both photoactive and stationary
droplets was the same as the compositions above. By irradiating with 365 nm light, droplet 1
was directed to and mixed with droplet 2 (Figure 3-32 a-d). A short time later, the two cores
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merged resulting in a larger one-shell/one-core droplet (Figure 3-32e), although this larger core
did not appear to be stable and was released quite quickly (Figure 3-32f).

Figure 3-32. Representatio of one-shell-one-core double emulsion configuration; (a) photoactive
droplet and stationary droplet with aqueous cores inside, (b) movement of photoactive droplet upon
irradiating 365 nm and approaching to the other droplet, (c,d) mixing of organic phases of droplets with
separate cores inside, (e) mixing of the aqueous cores and (f) releasing of the mixed cores. Photos were
taken from Movie 3-10.

These double emulsion droplet coalescence experiments were undertaken a number of times.
While the coalescence of the two droplets could be undertaken reproducibly, it proved difficult
to control what happened to the cores. Sometimes the cores remained separated prior to release
and at other times they merged and the single core was released and more work needed to be
done to improve the system and achieve one specific configuration and control release.
Nonetheless, the controlled merging of double emulsion droplets had not been achieved
previously and opened the way to utilizing this system for a variety of applications.

3.4

Chapter summary

By using a commercial spiropyran and two organic acids, two photocontrolled organic droplets
(SP:HDA and MCH+:DBS-) were studied. In both droplet systems, the photoactive spiropyran
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was used in the droplet itself, which created control over the droplet speed and direction of
motion. The acidity of the organic acids used made important differences in these two systems.
This meant that the composition of the photoactive species was different such that the droplet
behaviours (direction of motion) in response to UV and visible light were different as well.
For the SP:HDA droplet, UV-vis along with fluorescent and Raman characterization showed
that SP was isomerized to MC under UV irradiation. Characterization of the plume that is
emitted from the moving droplet showed that it at least partially consists of MC along with SP,
cis-MC and solvent (DCE). IFT droplet measurements showed the expected drop in IFT upon
light irradiation due to SP to MC conversion. The IFT changes up to 3.6 mN m-1 were greater
than was required for droplet movement by Marangoni flow. Additional support for this type
of droplet movement was obtained from observations of Marangoni convection flow in the
droplet. Consistent with a Marangoni mechanism, this droplet moved away from 365 nm and
toward 405 nm lights.
In the case of using strong acid (DBSA), the MCH+DBS- moiety that was produced after 12 hr
was shown to be essential for droplet motion. A UV-vis spectroscopic kinetic study showed
the second order nature of the process required for this MCH+DBS- moiety formation. In this
droplet system, applying either 365 nm or 405 nm lights led to photoisomerization of MCH+
to SP, which moved the droplet toward the light source. UV-vis along with fluorescent and
Raman characterization showed the presence of MCH+DBS- in the droplet. The plume study
indicated that possibly both MCH+DBS- and MC were emitted from the droplet. The IFT
measurements indicated a clear change upon light irradiation as a result of both MCH+ to SP
conversion and DBSA (DBS-) release from the droplet, with IFT magnitudes being sufficient
for Marangoni droplet movement. Again, this proposed mechanism was reinforced by
observation of Marangoni convection flow in the droplet. This droplet moved away from 365
and 405 nm lights.
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The SP:HDA photoactive droplet was then used to develop light-driven double emulsion
systems. A previously developed co-flowing method was set up, which produced multicore
double emulsion droplets that could be moved with light. However, it was shown that manually
pipetting the aqueous core into the organic droplet was a simpler and more reliable way to get
photoactive double emulsion droplets capable to move under light irradiation.
While the core was stable for almost five min without light irradiation, it was released after
only 30 seconds when applying light. This was presumably due to surfactant release from the
core following light-enhanced movement of the core and interaction of the core and shell
interfaces. Attempts were made to improve the core stability. Incorporating a viscous oil to the
organic phase helped to improve the core stability when stationary but no improvement was
observed for the active condition.
Control of this core release was investigated. Releasing the core at a desired location was
subsequently achieved by applying two lights at the same time from opposite directions. This
was then used to demonstrate the value of the double emulsion droplets for transporting and
unloading particles at a specific area.
Further investigations were made into controlling the merging of droplets and cores. The
coalescence of photoactive and stationary (non-photoactive) droplets was achieved to give
double emulsion droplets with either one-shell/two-core or one-shell/one-core configurations.
However, the cores in all the coalesced systems were unstable and more work is needed to be
done to make a stable core after droplet coalescence.
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Chapter 4 (Development and characterization of basepromoted droplet system)
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4.1

Introduction

As discussed in Chapter 3, the MCH+:DBS- droplet was comprised of protonated merocyanine
and deprotonated surfactant acid as counterion in a variety of solvents. Light-induce movement
of this droplet was achieved due to the photoisomerization of MCH+ to SP in the droplet and
the release of DBSA or DBS- surfactant to the aqueous solution. However, it has been
previously demonstrated by Ban et al.1, who moved an acidic droplet in aqueous solution and
Lagzi et al.,2 who studied the directional movement of a droplet composed of 2-hexyldecanoic
acid (HDA) within a maze filled with alkaline solution that deprotonation of an acid in a droplet
can lead to droplet motion. Therefore, it was proposed that the deprotonation of the MCH+
moiety might also trigger droplet movement and this proposal was investigated in the National
Centre for Sensor Research, Dublin City University (DCU), Dublin in collaboration with
Professor Dermot Diamond and Dr Larisa Florea, both Partner Investigators on the Australian
Research Council Discovery Project that funded this thesis work. The initial work was
undertaken at DCU and continued at both UoW and the Max Planck Institute for Dynamics
and Self Organisation in Göttingen, Germany.
In this chapter, the 2D chemotactic behavior of MCH+:DBS- droplet in response to an alkaline
pH was first achieved in pure water. The system was then modified by using a surfactantcontaining aqueous solution, which decreased the time needed for the droplet to sense the
alkaline pH and in turn creating a faster droplet start. This was then studied in a maze geometry,
where the droplet moved toward the source of the chemoattractant, showing two modes of
swimming due to the pH gradient within the maze. The 3D chemotactic behavior of this droplet
was also studied and showed directional movement of the droplet toward the chemoattractant
source.
The deprotonation of the MCH+ moiety in alkaline solutions suggested utilizing these types of
structure not only for the movement of organic droplets but also for sensing. Regarding this,
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two forms of protonated merocyanine were synthesized in our laboratories and were used as
colorimetric sensors for the detection of amines not only in solution form but also in the vapor
phase.

4.2

Base-promoted 2D MCH+DBS- droplet motion in deionized
water in a channel

To demonstrate that the deprotonation reaction between MCH+DBS- and NaOH (Figure 4-1a)
would take place, a UV-vis study was undertaken. The spectra of the MCH+DBS- solution were
obtained before and after treatment with NaOH and are shown in Figure 4-1b.

Figure 4-1. (a) Illustration of reaction between MCH+DBS- moiety and NaOH in DCE. (b) UV-vis
spectra of a MCH+DBS- solution (black line), immediately after adding base (red line) and three min
after adding base (blue line).
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Initially, the spectrum was obtained for a MCH+DBS- solution (10-4 M) (Figure 4-1b, black
line). The absorption around 426 nm, is related to protonated merocyanine, as had been shown
in Chapter 3 (Figure 3-20). Directly adding NaOH to the dilute MCH+DBS- solution did not
provide a detectable UV-vis change so an alternative method was developed based on the
concentrations used in the droplets. Consequently, to collect the spectrum in the presence of
base, 1 µL of MCH+DBS- (0.1 M) was placed in the bottom of a 1 mL cuvette. Then, 1 µL
NaOH 0.1 M was added leading to a color change from yellow to red. Next, 1 mL 1,2dichloroethane (DCE) (as the solvent, which was used in the droplet) was introduced to the
cuvette to obtain a diluted mixture. The spectrum was then recorded immediately after adding
base (Figure 4-1, red line), which showed an absorption around 560 nm that indicated the
presence of merocyanine resulting from deprotonation of MCH+ in the presence of base. There
were also absorptions at ~ 400-430 nm, which appear to be related to protonated merocyanine
and or merocyanine itself. Upon collecting the spectrum after three min (Figure 4-1, blue line),
the intensity of MC absorption decreased while the absorption at ~ 400-430 increased and
appeared as a single peak with a maximum absorption of 418 nm. This would likely be due to
decomposition of MC in the presence of OH- moiety as has been previously reported by
Drummond et al. for a similar spiropyran.3 Despite the possibility of decomposition of the
MCH+DBS-, the behavior of a MCH+DBS- droplet in the presence of base was studied.
To study the chemotactic behavior of the MCH+DBS- droplet, a rectangular-shaped shallow
Teflon channel with dimensions of 30 × 8 × 0.5 mm was filled with 600 µL of deionized (DI)
water (Figure 4-2, Movie 4-1). Using a micropipette, a MCH+:DBS- droplet (0.1 M, 0.5 µL)
was placed at one end of the channel. At this stage, the droplet color was yellow due to the
presence of the MCH+ (Figure 4-2a), as indicated by its 426 nm absorption (Figure 4-1). NaOH
solution (30 μL, 0.1 M, pH 12.9) was then added to the other end of the channel. After around
t ~ 2.5 min, the color of the droplet turned deep red along with a significant change in the
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droplet shape. Initially, the droplet appeared flat (Figure 4-2a) but after turning to red,
contracted in size, appearing spherical-like (Figure 4-2b). At this point the droplet appeared to
be stuck to the Teflon substrate and so was moved with a needle. This resulted in droplet selfmovement in the direction of the base addition. While the droplet moved, a plume was evident
from the rear of the droplet (yellow trail in Figure 4-2c and Movie 4-1) along with an expansion
of the edge of the aqueous solution (indicated by black arrows in Figure 4-2c).

Figure 4-2. Photographs of the base-promoted MCH+DBS- droplet motion in the Teflon channel filled
with DI water. (a) The droplet is initially yellow and stuck to the Teflon substrate, (b) after ~2.5 min,
the droplet color changed to red along with a clear shape change and (c) the droplet moved through the
channel releasing a yellow plume, along with an expansion of the edge of the water. The photos were
taken from Movie 4-1.

The color change in the droplet suggested that in the presence of base, deprotonation of the
yellow protonated merocyanine to red merocyanine was taking place within the droplet, which
was consistent with UV-vis study above (Figure 4-1). Therefore, it appeared that deprotonation
triggered the start of the droplet motion by conversion of MCH+ to MC.
The conversion of MCH+ to MC would have been accompanied by the release of DBS- (or
DBSA) surfactant from the droplet into the water. This had been previously shown to occur
from a MCH+DBS- droplet on standing in water.4 The expansion of the edge of the aqueous
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solution (Figure 4-1c) was then likely due to the release of the DBSA surfactant from the
droplet. This observation can be explained by the thermodynamics of interfaces. The surface
tension (γ) is the increase in the Gibbs free energy (G) per increase in surface area (A) at
constant T, P, and Ni (Equation 4-1),5
∂G

|

∂A T1 p1 Ni

≡γ

(Equation 4-1)

where T is temperature, p is pressure and Ni is number of molecules of the ith substance. A
closed system is assumed where there is no exchange of material with the outside world (dNi
= 0).5 In order to keep the Gs at minimum surface energy equilibrium, there should be a balance
between interfacial tension (IFT) and area. On release of surfactant into the water, the surface
tension of the water/air interface will decrease, resulting in an increase in water surface area to
keep the surface energy at a minimum level, accounting for the expansion of the water/air
interface area (A).
In order to avoid the droplet sticking to the Teflon surface, a deeper channel was utilized (30 ×
5 × 4 mm) that was somewhat narrower in order to better guide the droplet. This would also
avoid the expansion of the aqueous layer over the channel edge. The channel was filled with
600 µL of deionized (DI) water (Figure 4-3). Following that, NaOH solution (30 μL, 0.1 M,
pH 12.9) was added to one end of the channel and the MCH+:DBS- droplet (0.1 M, 0.5 µL)
placed at the other end (Movie 4-2).

Figure 4-3. Photographs of MCH+DBS- droplet motion in the Teflon channel filled with DI water. (a)
The droplet stayed immobile, (b) then sensed the base after 4.5 min, and (c-i) moved toward the other
end of the channel. Photos were taken from Movie 4-2.
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The droplet remained immobile in the channel for 4.5 mins (Figure 4-3a) at which point its
color turned red (Figure 4-3b) with a corresponding 33% reduction in size. After an initial
elongation of the droplet where it appears to be stuck to the bottom of the channel, the droplet
moved along the wall of the channel toward the point of higher pH (Figure 4-3c-h). Once the
organic droplet reached the area where the NaOH was added, it came off the wall and showed
a random, local movement, finally stopping after 39 sec (Figure 4-3i). Despite this channel
having the same volume of aqueous medium as the previous channel, the lag period before the
NaOH reached the droplet almost doubled, presumably due to the increased depth of the
channel, although the separation of the droplet and the NaOH introduction was a little larger in
this case.
To determine the pH in which deprotonation triggered the start of the droplet motion in the
channels, a series of constant pH experiments were undertaken. The shallow Teflon channel
was filled with aqueous solutions of NaOH at different pHs between 7 and 14 and the
MCH+:DBS- droplet (0.1 M, 0.5 µL) was introduced into these uniform pH solutions. The time
to effect a color change was recorded, along with whether movement took place, and the results
are given in Table 4-1. For solutions with pH from 7 to 11, no droplet movement was observed,
but the color of the droplet changed gradually as pH increased, indicating that the deprotonation
reaction was taking place from pH 7. After three min in the pH 7 solution, the color of the
droplet changed from yellow to darker yellow while at pH 11, the droplet turned from yellow
to red after 1.5 mins. When the pH was in the range of 11.5 to 13.8, the droplet color changed
instantly from yellow to red on contact with the base and the droplet moved randomly.
These pH experiments explain the delayed droplet movement that was initially observed in the
Teflon channels. The pH of the 0.1 M solution of NaOH added to both channels was 12.9. The
addition of 30 L of 0.1 M NaOH solution to the 600 L of water in the channels represented
a 21 times dilution that would have resulted in a final channel base concentration of 0.00476
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M, equal to pH 11.7. As determined in Table 4-1, a pH of 11.5 was sufficient to achieve droplet
movement at constant pH. This is consistent with the channel experiments in which the
diffusion of the base to the droplet would possibly create a gradient of base concentration that
must be higher than the pH (11.7) of the fully diluted 30 L droplet of 0.1 M NaOH. Therefore,
from these experiments, depending on the channel, the base diffusion time through the
stationary aqueous medium that triggers droplet motion appears to be quite long.

Table 4-1. MCH+:DBS- droplet behavior in uniform solutions of NaOH with different pHs.

pH

Droplet color change

Motion

Time (mins)

7

yellow to darker yellow

No

3

8

yellow to light orange

No

3

9

yellow to light orange

No

3

9.9

yellow to orange

No

3

10.5

yellow to light red

No

3

11

yellow to red

No

1.5

11.5

yellow to red

Yes

Instant

12.1

yellow to red

Yes

Instant

12.9

yellow to red

Yes

Instant
Instant (short

13.8

yellow to red

Yes
distance)

The observations above illustrate that the deprotonation reaction in the droplet could take place
even at neutral pH as indicated by the color change of the droplet at pH 7. This is consistent
with the reported pKa for protonated merocyanine (~6-7)6. However, as for the light-activated
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droplets, it was assumed that droplet movement was a consequence of Marangoni flow
generated by an IFT change. 1, 4, 7 Therefore, the IFT change of the MCH+:DBS- droplet in the
presence of base was investigated.
The IFT change for MCH+:DBS- droplet in response to a change of pH was measured by the
pendant drop method and the result given in Figure 4-4. The organic droplet (0.1 M) was
suspended in aqueous solutions of different pHs from 7 to 11.3, adjusted with NaOH, and the
IFT was measured. The IFT at pH > 11.3 could not be measured as droplets could not be formed
on the needle. According to Figure 4-3, as the pH increases from 7 to 11.3, the IFT decreases
almost linearly from 11.6 to 9.4 mN/m but from 11.3, the IFT decreased rapidly to 5.7 mN/m.
As already described in Chapter 3, IFT changes of 2.2 mN/m, the IFT change across the 7-11.3
pH range, are more than sufficient to move droplets of the size (0.5 L) reported here.

Figure 4-4. Effect of pH on IFT of MCH+DBS- droplet.

These results suggest that droplet movement should be observed at pHs lower than 11. In the
channel experiments, no droplet color changes were observed during the lag period prior to the
droplet becoming red and moving suggesting that the pH changed quite quickly as the base
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diffused to the droplet. Therefore, the pH in the channel was investigated to determine whether
a gradient was created during the base diffusion.
The change in pH across a longer and deeper channel was investigated both to better
accommodate the pH probe (3 mm depth) as well as to measure the possible gradient over more
points, giving a more precise mapping of pH. To undertake measurements, a Teflon channel
(50 ×8 × 3 mm) was filled with 1200 µL of DI water and the pH probe was placed at different
locations from 10 mm to 50 mm distance from point of added base. NaOH (60 µL, 0.1M) was
added to the fixed point in the channel and pH measurements were taken every 30 sec over 10
min. Figure 4-5 shows the changes in pH over time for the different distances. The initial pH
of the DI water was 5.3 due to the presence of dissolved CO2.

Figure 4-5. Change in pH over time across different distances in a 50 mm length channel. The righthand panel schematically demonstrates five different distances between NaOH and the pH probe.

As expected, because of the shorter distance between the point of NaOH addition and location
of the probe, a higher pH was obtained in shorter time. For instance, after two mins, the initial
pH value of ~ 4.5 reached 11.9, 11.6 and 7.1 for distances of 10, 20 and 30 mm, respectively.
However, for 40 and 50 mm, no change of pH was measured over this time.
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While the diffusion of OH- in water is not well understood,8 it is clear that diffusion rate
changes as the distance travelled is increased. Thus, pH 10 is attained after ~0.4 min over 10
mm, 1 min over 20 mm and 3 min over 30 mm. This will have a significant impact on the
droplet motion.
As previously observed for droplet motion in the narrow channel (Figure 4-4), when the
distance between droplet and base was 30 mm, the droplet started to change color after almost
4.5 mins. Considering the dilution factor for NaOH, the initial concentration (0.1 M) decreased
to 0.004 M, equivalent to pH = 11.6. After 4.5 mins for a 30 mm distance between probe and
NaOH as obtained from Figure 4-5, the pH was 11.3, consistent with the droplet movement
starting time. This supported the previous results that suggested a pH above 11 was necessary
to cause droplet movement. As shown in Figure 4-4, the large IFT gradient that would be
generated at pH > 11 far exceeded that which would be required for creating Marangoni flow
to move the droplet. Therefore, it seems likely that a high concentration of base might be
required to overcome the interfacial barrier to the reaction between the base and the protonated
merocyanine so an attempt was made to further probe this.

4.2.1 Base flow observation around the MCH+:DBS- droplet
Given that there appeared to be a delay in interaction between the base and the droplet, the base
flow outside the droplet was investigated. The Teflon channel was filled with water containing
a pH indicator, bromothymol blue, to visualize the flow around the droplet. Bromothymol blue
is yellow at pHs below 6, green from pH 6.4 – 7.0 and blue above pH 7.0. A MCH+:DBSdroplet (0.1 M, 0.5 µL) was placed into DI water containing bromothymol blue in the shallow
Teflon channel. As a result, it stuck to the bottom of the channel. A drop of base (30 L) was
injected into the aqueous solution 10 mm from the droplet and a close up movie was recorded
(Movie 4-3). The movie clearly shows the slow diffusion of base through the solution with a
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green leading edge indicating a pH of no more than 7. The base begins to flow over the droplet
after diffusing for 120 sec. The flow over part of the droplet as shown by the green indicator
continues for another 120 sec during which there does not appear to be any change in the
droplet color or physical state. However, at t = 250 sec, the flow suddenly moves around the
droplet creating the flow pattern seen in Figure 4-6 (white dotted arrows) and the indicator
becomes blue, suggesting an increase in pH > 7. As this flow continues, clear changes in the
droplet occur both in shape and color. This suggests that the droplet requires exposure to an
increasing concentration of base prior to droplet motion as postulated earlier. While no droplet
motion was observed as a result of the adhesion of the droplet to the Teflon substrate, flows
were generated outside the droplet from what appeared to be droplet interfacial activity.
However, whether the pH reaches 11 as proposed earlier is not clear.

Figure 4-6. Photograph of the flow generated by base diffusion around the MCH+:DBS- droplet.
Photo was taken from Movie 4-3.

4.2.2 Characterization of plume
As could be seen in Figure 4-2 and Movie 4-1, while the droplet was moving through the
channel, a plume was emitted from the droplet. Initially the color of the plume was red but this
quickly turned yellow as the droplet kept moving toward the area of higher pH. UV-vis
measurement was undertaken to characterize the plume. A MCH+:DBS- droplet (0.1 M, 0.5 µL)
was placed in an aqueous solution of NaOH (0.1 M). The droplet became red, moved randomly
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and the plume was released to the aqueous solution. After almost 20 sec, the aqueous solution
was collected for UV-vis measurement. Figure 4-7a shows the spectrum of this aqueous
solution with an absorption around 415 nm. As previously observed for the reaction of
MCH+:DBS- with 0.1 M NaOH (Figure 4-1), the initially formed MC (560 nm in DCE) was
converted to a decomposition product with an absorption at 418 nm.3 This is presumably what
has occurred in the plume.
To further characterize the plume when the color was red, an in situ UV-vis study was
undertaken. To capture the red plume, a small Teflon channel (2 × 0.3 × 0.3 cm) was filled
with 10 µL DI water. A MCH+:DBS- droplet (0.1 M, 0.5 µL) was placed in the water following
which 0.5 µL NaOH 0.1 M was added to the channel. When the deprotonation started and the
droplet changed color from yellow to red, the plume was released showing an absorption
around 520 nm most likely due to the presence of MC. It should be noted that while the MC
absorption was previously observed at 560 nm, this was in DCE. The blue shift of the MC
absorption to 520 nm in a polar solvent such as water is well established.9 There was also an
absorption around 430 nm, similar to that observed for MCH+DBS- solution (Figure 4-1b, red
line). Therefore, considering the in situ and ex situ measurements, the plume appeared to be a
mixture of merocyanine and protonated merocyanine, that rapidly decomposed in the alkaline
solution.

Figure 4-7. UV-vis spectra of the plume with (a) ex situ and (b) in situ measurements. The absorption
around 520 nm indicates the presence of MC in the plume.
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4.2.3 Proposed mechanism for MCH+:DBS- droplet motion
The proposed mechanism for the MCH+:DBS- droplet motion is briefly described here and
illustrated in Figure 4-8. At the beginning, before sensing the base, the droplet was yellow
(Figure 4-8a). Once it sensed the base, deprotonation of the MCH+:DBS- moiety (high IFT or
γ) produced MC (low γ) and NaDBS (Figure 4-1a and Figure 4-8b). This reaction induced an
IFT change in the droplet, which in turn created Marangoni flow at the droplet interface (Figure
4-8b,c solid black arrows). This flow transferred the produced MC moieties to the other side
of the droplet that ultimately moved the droplet in the direction of convection, which was
toward the source of chemoattractant (Figure 4-8c).

Figure 4-8. Schematic representation of MCH+:DBS- droplet motion in response to NaOH gradient: (a)
stationary yellow MCH+:DBS- droplet before sensing the base, (b) IFT gradient induced by
deprotonation of MCH+:DBS- moiety and production of MC leading interfacial movement of species
(dotted black arrows) and Marangoni flow (solid black arrows) at the droplet interface that (c) resulted
in internal Marangoni convection currents (internal black arrows) and ultimately moved the droplet
toward the source of chemoattractant. The broad black arrow shows the direction of droplet motion.
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4.3

Base-promoted 2D MCH+:DBS- droplet motion in surfactant
solution in channel

Thies et al. showed that a considerable increase of the diffusivity of micelles could be obtained
by the coupling of micelles with mobile ions.10 This suggested that using a surfactant in the
external aqueous solution could enhance base diffusion and lead to a shorter induction time for
the droplet movement. This was studied in the following section.
In this experiment, instead of DI water, an aqueous solution containing sodium
dodecylbenzenesulfonate (SDBS) in a 7 mM concentration was used. A NaOH solution (30
μL, 0.1 M) was added to one end of the same Teflon channel (30 × 5 × 4 mm) used for the pure
water experiments that was filled with 600 μL of aqueous SDBS. Using a micropipette, 0.5 µL
of the MCH+:DBS- solution was introduced at the other end, producing both a large droplet
and a small droplet. The droplets initially showed self-motion (Movie 4-4 and Figure 4-9a)
likely because of loss of mass of the droplets (solvent or photoactive material) over time as has
been previously reported by Cejkova et al.7 After around 30-40 sec, the droplets sensed the
base, became red and started to move. Initially, the small droplet moved, which stopped after
17 sec likely due to its small size resulting in a rapid loss of “fuel” (Figure 4-9b,c, Movie 4-4).
However, the larger droplet continued to move to the other end of the channel where the NaOH
was added and stopped after 28 sec (Figure 4-9d-f, Movie 4-4).

Figure 4-9. Photographs of MCH+DBS- droplet motion in the Teflon channel filled with SDBS (aq).
(a) The droplets showed self-motion after they were introduced to the aqueous solution, (b) after 33 sec
the small droplet became red and (c) moved half way up the channel, (d) the large droplet became red
after 47 sec, (e) began to move and (f) reached the other end of the channel and stopped after 65 sec.
Photos were taken from Movie 4-4.
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As expected the induction time for the droplets to sense the base (30-47 sec), as indicated by
droplet color change and subsequent movement, was shorter than in the case of pure water (4.5
mins). This difference in induction time suggested that in a solution containing surfactant the
OH- was diffusing faster than in pure water. In order to investigate this, the change in pH across
a channel containing aqueous surfactant was investigated.
The Teflon channel used previously for mapping the pH (Figure 4-5) was filled with 800 µL
of SDBS solution. As before, the NaOH (40 µl, 0.1M) was added to a fixed point of the channel
and the pH meter probe was placed at different locations 10 to 50 mm from the point of added
base. Figure 4-10 shows the changes in pH of the solution over time. Comparison of the pH
gradients in the absence (Figure 4-10, dash lines) and presence (Figure 4-10, solid lines) of
surfactant shows the greatest differences for the longer distances. The pH gradients for the
SDBS solution and DI water at distances of 10 (Figure 4-10, green lines) and 20 mm (Figure
4-10, pink lines) almost overlap. However, for the longer distances of 30, 40 and 50 mm, the
differences in gradients were clearly visible. For instance, in the case of 50 mm, the pH in pure
water (Figure 4-10, dash black line) almost 35 mins to reach ~ 10 while in SDBS solution
(Figure 4-10, solid black line) this pH was obtained in less than 5 mins. The SDBS surfactant
appeared to overcome the factors that were limiting diffusion over greater distances. This could
be the result of the electrostatic coupling effect between micelles and anions as mentioned
above.10 Consequently, after injecting NaOH into the SDBS solution (with a concentration well
above the CMC), there could have been a coupling of SDBS micelles with the mobile OH counterions resulting in a considerable increase of the base diffusion.
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Figure 4-10. Measurements of pH over time in channel in different distances to the point of added
NaOH in pure water (dash lines) and SDBS solution (solid lines). The right-hand panel schematically
demonstrates five different distances between NaOH and pH meter prob.

4.4

2D MCH+:DBS- droplet motion in a maze

The use of surfactant in the aqueous solution led to a faster start of droplet motion. This opened
up the possibility that more complicated geometries could be used in order to expand the
application of this chemotaxic system. These experiments were initially undertaken at Dublin
City University and then continued at the University of Wollongong.
A maze (37 × 36 × 2 mm) was made from acrylic and adhered to a Teflon substrate so that the
droplet would move on the same surface as in the simple channel. The maze was filled with
1500 μL of aqueous SDBS solution (7 mM) containing bromothymol blue to visualize the
chemoattractant gradient. Following this, a 0.5 μL MCH+:DBS- droplet (0.1 M, 0.5 µL) was
placed around the entrance of the maze (Figure 4-11a) and began to move slowly as had
previously been observed in the channel containing surfactant (Movie 4-4). Then NaOH (0.1
M, 5.5 µL) was added to the opposite maze entrance (Figure 4-11b and Movie 4-5). If this
volume of NaOH had diffused through around 50% of the maze (600 L) to reach the droplet,
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the pH would have been ~ 11, the pH previously shown to cause droplet movement. After
almost 30 sec, the base diffused through the maze to the droplet, which became red and began
to move (Figure 4-11c). Following this, the droplet followed the NaOH gradient (blue color)
through the maze (Figure 4-11d-g) up until it reached the location where the base was added
(Figure 4-11h-i).

Figure 4-11. Photographs of base-activated droplet motion in a maze. (a) Droplet was placed in the
maze, (b) droplet showed self-motion and the base was added, (c-i) base diffused through the maze
reaching the droplet, which sensed the base, became red and started moving through the maze until it
reached the point where NaOH had been added. Photos were taken from Movie 4-5.

Surprisingly, the base diffusion in the maze appeared to be faster than in the channels with
diffusion of the base to the droplet in the maze occurring over 60-70 sec for a path length of 75
mm compared to 30-40 sec for 20 mm in the channel (Movie 4-4), noting that the channel was
twice as deep (4 vs 2 mm). However, droplet movement in the maze was extremely slow taking
79 sec to move the initial 18 mm compared with 14 sec for 18 mm in the channel. The
difference in movement is quite apparent from the movies. In the channel, the droplet moves
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more or less in a linear fashion quite quickly along the channel wall whereas in the maze, the
droplet moves with a very slow forward and backward pulsing movement for much of its path
toward the point of NaOH addition. As the droplet gets within 20 mm of the NaOH addition
point (Figure 4-11g), it speeds up and moves in a similar way to that in the channel. This
suggests that base concentration has a significant effect on the droplet movement and therefore,
to get some insight into this, an attempt was made to measure the maze pH during diffusion.
Initially, the presence of a pH gradient through the maze was visualized by using the pH

indicators, bromothymol blue and mordant orange (Figure 4-12). Bromothymol blue is blue
above pH around 7 (Figure 4-12 a) while mordant orange is yellow between 0-10 and turns
from orange to red at pH 10-12. The maze was filled with SDBS (aq) containing bromothymol
blue or mordant orange indicators. Following that, NaOH (0.1 M, 5.5 µL) was added to the
maze. Photographs were taken (Figure 4-12) for both bromothymol and mordant orange once
the indicator color change suggested that the base had reached the point of droplet entry into
the maze. The color change through the maze in each photo indicates a pH gradient, which is
more obvious for mordant orange (Figure 4-12b) than bromothymol blue (Figure 4-12a).

Figure 4-12. Visualization of pH gradient through the maze. (a) bromothymol blue and (b) mordant
orange were added to the aqueous solution.

An attempt was then made to quantify the pH in the maze. As this maze was not deep enough
(2 mm) to cover the probe of the pH meter (3 mm), stable pH values were not obtained when
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attempting to measure the pH in the aqueous solution in this maze. So, to more accurately
measure the pH values over time in different locations of the maze, an amount sufficient to
cover the pH probe in a small tube of the aqueous solution was extracted from the maze at each
measurement point. Thus, the maze was filled with 1500 µL of the aqueous SDBS (7 mM)
containing bromothymol blue and then NaOH (0.1 M, 5.5 µL) was added to the entrance of the
maze. When the base diffused through the maze and reached point (f) as indicated by the blue
front (Figure 4-13), 50 µL of the aqueous solution was collected from this point using a
micropipette and transferred to a 0.5 mL plastic centrifuge tube. The sloping walls of the tube
provided enough solution depth for the pH of the collected solution to be measured. This
measurement was considered to be t = 0 sec. The experiment was repeated and the base
extracted from the maze after t = 15 sec and so on every 15 sec up to a total of 120 sec. The
same method was used to measure pH for points (a-e). The pH values obtained were plotted
against time as in Figure 4-13.

Figure 4-13. Change in pH over time across six different points in the maze. The right-hand panel
shows five different distances between NaOH and pH meter prob.
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The pH of 0.1 M NaOH is 13, which would reduce by one pH unit for every 10 times dilution.
At point (a), the gradient shows a declining trend over time due to diffusion of base in the maze.
In the case of points (b) to (f), a slight increase of pH was observed at the beginning, which
decreased gradually as the base was diffusing over time. The diagram shows that a both spatial
and temporal pH gradient exists in the maze.
Assuming that the 5.5 µL of base (0.1 M) diffuses completely through the 1500 µL of aqueous
solution, this represents a dilution factor of 272 that would result in decrease of pH from 13 to
10.57. This represent the lowest pH that should be observed in the maze. However, from the
photo in Figure 4-13, it appears as though the base had only diffused through 50% of the maze,
which would give a lowest pH of 10.85. As expected, all points except (a) should increase in
pH initially and then decrease to the lowest pH. The time for the initial increase will depend
on how far the measurement point is away from (a). This is indeed the trend and the
measurements across all points appear quite consistent given there is increasing time required
to reach the pH maximum and then a linear decay from that maximum. However, the actual
pH maximum reached at each point is difficult to understand since all the final pHs after 120
sec of diffusion are below pH 9. Several factors might contribute to this inconsistency including
the effect of surfactant on base diffusion as observed here, whether the base diffusion is
consistant throughout the depth or breadth of the maze (inconsistent coloration can be seen in
Movie 4-5), the effect of surfactant on pH measurement and the effect of surfactant micelles
on acid–base indicators, which have been reported to have considerable effect on their
dissociation constants, transition points and transition intervals.11
Notwithstanding these issues, as could be seen in the Movie 4-5, the organic droplet started to
move from close to point (f) in the maze (Figure 4-13) where the initial pH might be 7-8 from
Figure 4-13 and the expected color change pH for bromothymol blue. This is consistent with
the results in Table 4-1 showed that the droplet color changing from pH 7-8, indicating that the
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deprotonation reaction in the droplet could happen in mildly basic solution. This is also
consistent with the IFT droplet changes at pH 7-8 (Figure 4-4) that are sufficient for droplet
movement.

4.4.1 Understanding the dynamic response of the droplet to pH gradient
In order to get a better understanding of the droplet behavior in the maze, further study was
undertaken at the Max Planck Institute of Dynamics and Self-organization in Göttingen,
Germany in collaboration with Dr Corinna Maas and her PhD student Babak Vajdi who are
experts in studying the dynamics of fluidic swimmers such as oil droplets.
Little is known about the dynamical response of droplets to an environment with a chemical
gradient.12, 13 Most of the literature on chemically active particles and droplets is concerned
with studies of the swimming dynamics in a homogeneous concentration field (in terms of
chemical agents), where the change in surface activity spontaneously creates an IFT gradient
leading to a self-sustained propulsion. For example, Ban et al. studied movement of an acidic
droplet in an alkaline aqueous solution induced by the acid-base reaction in a uniform alkaline
medium where there was no chemical gradient.1 However, the resulting droplet movement is
random. The presence of a background chemical gradient has the potential to control the droplet
directionality and create the type of chemotactic effect seen in natural systems.
In order to study the dynamics of the MCH+:DBS- droplet movement activated by base, the
data from Movie 4-5 was analyzed by the MPI researchers. This was achieved by extracting
the droplet trajectory in the maze using custom-built tracking software developed in the Python
programming language. All further data analysis, plotting and color coding of the trajectory
was done in MATLAB. The trajectory of the droplet undergoing the chemotactic motion, color
coded based on time, is given in Figure 4-14 and clearly shows the path of the droplet through
the maze to the point of added base along with its changes in speed. As demonstrated by the
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pH mapping of the NaOH movement in Figure 4-13, the trajectory shows that the droplet
moves toward areas increasing pH.

Figure 4-14. Color coded trajectory of the MCH+DBS- droplet movement in the maze. The linear color
scale is shown noting that the trajectory colors are affected by the blue background of the dyed medium.
This trajectory is based on the droplet motion shown in Movie 4-5.

This droplet trajectory allowed the identification of four different locations along the trajectory
where movement was different. These four regions are shown located on the trajectory that is
replotted in Figure 4-15a (region I, II, III and IV) color coded by the linear velocity magnitude.
What can be identified from this figure is that the droplet started moving with a speed smaller
than 0.5 mm s-1 upon sensing the base and this speed varied depending on the pH to a maximum
of 1.5 mm s-1.
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Figure 4-15. Illustration of the different modes of the MCH+:DBS- droplet motion in the maze. (a)
Color coded trajectory of the MCH+DBS- droplet movement in the maze region in relation to droplet
velocity. The four regions of different droplet movement are identified as I, II, III and IV. The velocity
color coding is linear. (b) Magnified views of the trajectories in the areas marked in (a) and photographs
taken from Movie 4-5 showing chaotic motion of the droplet in region I, emergence of the second mode
(n = 2) of motion with a quadrupolar flow field in region II, dynamics transited from quadrupolar flow
mode (n = 2) to dipolar flow mode (n = 1) in region III and the increase of the motion velocity and
steady directional motion toward the source in region IV.

At the beginning of motion as illustrated by region I (Figure 4-15bI), the droplet experienced
fluctuations in motion with abrupt acceleration and deceleration in speed. In this region where
the pH was lower, the droplet experienced a chaotic and slow motion with little directionality.
The plume was released from every point of the droplet interface (white arrows in Figure 415b, region I), as can be seen from the blue cloud formed around the droplet. At region II, the
droplet reached a region of higher base concentration leading to a faster acid/base reaction,
which generated a new mode of interfacial activity. Although the speed appeared similar to
that previously, the photograph of the droplet (Figure 4-15bII) clearly shows release of the dark
blue plume from the two sides of the droplet. At region III, the relatively slow, but unsteady
motion was maintained in the direction of chemical gradient up to a point where there was a
140

sudden increase in the moving velocity (Figure 4-15bIII). This can be seen in the droplet
movement photograph in which the plume tansitioned from a double plume to a single trailing
plume. This transition likely took place due to a strong pH gradient leading to the change of
mode. In this mode, the plume was released only from the rear side of the droplet forming the
dark blue trail with a sharp intensity (Figure 4-15bIV). The droplet mainly continued in this
mode toward the source although sporadically some of the other modes appeared leading to
reorientation and slowing down of the droplet.
Figure 4-16 represents the theoretical description of two possible modes of swimming. The
vector field is generated using the classic squirmer model for swimming in a medium where
the viscous forces are dominant over inertial forces.

Figure 4-16. Description of radial and tangential components of a chemically-active droplet (I), two
possible modes activity n=1, (swimming mode), (II) and n=2, (stopping mode) (III).

For simplicity, the 2D model (in polar coordinate) has been used:

ur= ½ B1 cos θ (a2/r2 -1) + B2 cos (2θ) (a3/r3 – a/r)
uθ= ½ B1 sin θ (a2/r2 +1) + B2 sin (2θ) (a3/r3)

Where ur and uθ are radial and tangential components of the velocity in the co-moving
reference frame, respectively. a is the radius of the swimmer.14 B1 and B2 are coefficients that
determine the swimming behavior. In our case, for n=1 mode (Figure 4-16 II), in which B2=0,
the flow field is dipolar (swimming mode), and for n=2 mode (Figure 4-16 III), in which B2=0,
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the flow field is quadrupolar (stopping mode). This model cannot quantitatively describe the
flow around the droplet, however, it qualitatively generates the two possible modes of
propulsion that are observed experimentally. Mode n = 1 (Figure 4-16 II) illustrates a dipolar
flow mode with two stagnation points, one for inward flow (leading front, droplet right) and
the other for the outward flow (trailing rear, droplet left) that would create linear droplet motion
such as evident in region IV (Figure 4-15b). In contrast, mode n = 2 (Figure 4-16 III) shows
two pairs of vortices form around the droplet with four stagnation points, two corresponding to
inward flows and the other two corresponding to outward flows and very slow motion of the
droplet towards the high pH source means the quadrupolar flow field is slightly asymmetric
with a tendency towards the pH gradient (Fig 4-15b-II).
Flow field measurements were then undertaken to verify these proposed modes. To do this, the
MCH+:DBS- droplet was placed in the maze filled with 1500 µL aqueous SDBS solution (7
mM) containing bromothymol blue. Polystyrene particles (4.5 µm) were also added to the
solution for visualization of the fluid flow pattern and NaOH (0.1 M, 5.5 µL) was added to the
entrance of the maze. As before, once the base diffused through the maze and reached the
droplet, the droplet movement was triggered. The droplet motion in different modes was
recorded using a Leica microscope and the resulting visualization images were processed by
PIVLab, a software developed in MATLAB, to give the flow field images shown in Figure 417. As predicted in the theoretical illustrations (Figure 4-16), both modes were observed
associated with the type of motion in regions IV (linear) and II (non-linear). Figure 4-17a shows
the dipolar flow mode (n = 1) with the two stagnation points and Figure 4-17b the four
stagnation points around the droplet as mode n = 2.
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Figure 4-17. Flow field visualization for MCH+:DBS- droplet in aqueous SDBS solution showing two
modes of activity (a) n=1 and (b) n=2.

As a result, and seen in Figure 4-15bII and IV, the plume is released from the droplet in the
direction of the outward flow, behind the droplet for mode n = 1 and to the sides of the droplet
for mode n = 2. These Marangoni flows result from convection currents within the droplet and,
as can be seen in the flow diagrams for II and IV in Figure 4-15b, the convection currents
within the droplet will reflect the interfacial flows.
The chemotactic maze solving behavior discussed in this section was qualitatively similar to
that reported by Jin et al.15 for a dissolving droplet. This type of synthetic chemotactic behavior
has the potential to be used to study the physical aspects of chemotaxis observed in microorganisms but without the biocomplexities associated with biological systems.

4.5

Base-promoted 3D MCH+DBS- droplet motion

It has been shown that the MCH+:DBS- droplet was able to follow a concentration gradient in
a channel or maze until it reached the chemoattractant source. However, this can be considered
2D motion since the droplet moved along the bottom of the container. For light activated
MCH+:DBS- droplets, Yang et al. have demonstrated that 3D droplet motion can be achieved
.4 Chemotactic 3D movement is typical in natural systems and therefore, this possibility was
explored using this the base activated MCH+:DBS- droplet system.
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To create a 3D environment and be able to track the path of the droplet, a glass vial with a side
arm was filled with aqueous SDBS solution (23 mL, 7 mM) containing bromothymol blue. The
glass vial side arm was connected to a glass microsyringe that was used to inject NaOH (0.1
M, 8 µL) into the SDBS solution. Following injection of the NaOH solution (Figure 4-18a,
Movie 4-7), it gradually diffused in a narrow stream down the wall of the vial. A droplet of
MCH+:DBS- in DCE:toluene (1:2) (0.1 M, 0.5 µL) was then placed close to the alkaline flow,
dropping to the bottom of the vial (Figure 4-18b). Toluene was used to match the droplet
density to that of water. A number of other smaller droplets were also produced during the
droplet injection (see Movie 4-6). As was observed for droplets in the channels and maze, when
the droplets sensed the base, their color changed to red and they started to move upward. The
biggest droplet followed the blue OH- gradient to reach what was presumably the highest
concentration of chemoattractant at the point of injection (droplet 1, Figure 4-18c,d). Two of
the three other smaller droplets followed the basic stream almost to the vial side arm (droplets
2 and 3, Figure 4-18c) then exited the stream (droplets 2 and 3, Figure 4-18d) while the third
droplet left the basic flow at the bottom of the vial (droplets 4, Figure 4-18c,d) and continued
to travel up through the SDBS solution (Movie 4-6).
The bigger droplet responded to the NaOH concentration gradient and showed a clear linear
movement as was explained in the dynamics studies in the previous section. While the other
smaller droplets also initially responded to base, it was difficult to control their direction of
motion. This is likely due to non directional release of plume from the droplet, which can
consequently change the linear motion and push the droplets out of the stream. The density of
the droplets also may assist this out of stream movement.
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Figure 4-18. Photographs of MCH+:DBS- droplet motion in 3D. (a) base was injected to the aqueous
solution, (b) MCH+:DBS- droplet was introduced to the solution close to the alkaline path, dropping

to the bottom of the vial, (c) droplets 1,2 and 3 followed the base stream while droplet 4 did not and
(d) droplet 1 entered the side arm of the vial, 2 and 3 left the basic flow and 4 travelled up through

the SDBS solution. Photos were taken from Movie 4-6.

This 3D movement of the chemotactic droplet is similar to microorganism behaviour such as
motion by bacteria as was explained by Adler.16 Here, while biomimetic droplet behaviour has
been demonstrated for the first time to the best of our knowledge, further work is needed to
understand how better to control the droplet movement and why not all the droplets follow the
base to reach the chemoattractant source.

4.6

Protonated merocyanines as sensors for base detection

The demand for chemical sensors with appropriately high resolution, selectivity and reasonable
cost to detect common chemical compounds has inspired research in the field of healthcare,
household and food safety. In order to improve the detection limit for corresponding targets,
different materials and fabrication processes have been developed.17 Conventional
characterization methods like gas chromatography (GC) and mass spectrometry (MS) are
widely used for identification and detection. However, they are usually costly and time
consuming.18 Meanwhile, a simpler method is utilizing optical chemical sensors, based on the
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principle of photometric detection of reversible changes in the absorption spectra of
chromogenic reagents, when exposed to specific chemicals.19 Since ammonia and biogenic
amines, such as trimethylamine, are released through the decomposition of meat protein, the
detection of their release is essential for the safety and quality of products. Given the toxicity
of ammonia in both gaseous and aqueous forms, its detection is essential.20 Ammonia has been
detected by various kinds of chemochromic reagents such as porphyrin-based21-23 or pH
indicator-based films.24, 25 The ability of protonated merocyanine to react with alkaline species
opened up the opportunity to study their behavior in response to bases for sensing. In particular,
the synthesis of two organic-soluble MCH+ moieties in our laboratory led us further to study
the colorimetric response of these compounds for the detection of amines in solution and the
vapor phase.

4.6.1 PM525-MCH+SO3- in response to base
New compound PM525-MCH+SO3- (Figure 4-19) was synthesized in our laboratories by Pawel
Wagner and it was investigated for deprotonation in the presence of amines. For deprotonation
of PM525-MCH+SO3-, the aliphatic amines were used only as the basicity of the aromatic
amines is significantly decreases because of the conjugation of the electronic pair of the
nitrogen in the amino group with the aromatic system, therefore the reactivity is not sufficient.26
A schematic reaction of PM525-MCH+SO3- deprotonation to give PM525-MCSO3-NHR3+ is
given in Figure 4-19.

Figure 4-19. Deprotonation of PM525-MCH+SO3- in the presence of base.
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Figure 4-20 shows the UV-vis spectrum of a 3 × 10-5 M solution of PM525-MCH+SO3- in
DMSO (black line). PM525-MCH+SO3- has a typical absorption around 440 nm due to the
protonated form of the compound. In order to investigate its reaction with amines, a volatile
amine dimethylethyl amine (DMEA) (b.p. 36.5°C) was chosen. Addition of DMEA to PM525MCH+SO3- resulted in an immediate change in the solution color from yellow to blue and the
appearance of an absorbance around 600 nm (Figure 4-20, red line) characteristic of a
merocyanine. The blue color of the solution changed and the absorption disappeared after one
min (Figure 4-20, blue line) and, 10 mins after adding amine, absorptions at ~320 nm and
below, typical of spiropyran (Figure 4-20, pink line), appeared. The color of the solution also
faded to almost colorless. This conversion from merocyanine (PM525-MCSO3-HDMEA+) to
spiropyran (PM525-SPSO3-HDMEA+) (Figure 4-19) is not surprising as merocyanine to
spiropyran conversion can occur spontaneously.6

Figure 4-20. UV-vis spectra of PM525-MCH+SO3- in DMSO (black line), immediately after adding
DMEA (red line), one min (blue line) and 10 mins after the addition of amine (pink line).
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4.6.1.1

PM525-MCH+SO3- as a paper-based sensor

Given the significant color change of the PM525-MCH+SO3- on addition of base, its use as a
sensor for bases in both the liquid and vapor form on paper was explored.
Paper has been known in the world of analytical chemistry for a very long time and, which has
been recently rediscovered as a valuable substrate for sensors as a compromise between low
cost and good performance.27,

28

The physical properties of high surface-to volume ratio,

porousity, biocompatibility and biodegradability, along with ease of production and
modification, makes paper one of the best substrates for sensing. In an ideal case, a combination
of a simple sensing method with this widely available material could fulfil the need for cheap
and disposable sensors.
Considering these advantages, paper was initially used for amine and ammonia sensing.
Dimethylethylamine (DMEA), triethylamine (TEA) and ammonia (NH4OH) were used for this
in both liquid and vapor phases.
For detection in the liquid phase, 20 µL of PM525-MCH+SO3- solution (10-3 M in MeOH) was
placed on the unmasked area of a filter paper, which was covered with a black mask to provide
the optimum contrast. This gave an even yellow circle of PM525-MCH+SO3- on the paper as
can be seen in the first photos in Figure 4-21a-c. Following that, 10 µL of the neat amines
(DMEA, TEA) and ammonia solution (NH4OH) were placed on the yellow circle.
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Figure 4-21. PM525-MCH+SO3- paper sensor for detection of (a) DMEA, (b) TEA and (c) NH4OH in
liquid phase.

For the two amines, this resulted in a somewhat consistent color change from yellow to purplish
pink presumably due to deprotonation of PM525-MCH+SO3- to PM525-MCSO3- (Figure 421a,b, step 1). No discoloration of the purple circle was immediately apparent and so the paper
was heated with a heat gun for almost 5 seconds. In the case of DMEA, after heating, the paper
remained a little pink, which may have been due to not enough heating at that stage (Figure 421a, step 2). In contrast, the TEA sample (Figure 4-21b, step 2) returned to yellow, although
clearly with some loss of color likely due to the conversion of the MC to SP.
To further investigate the reversibility of this system, the amines were placed again on the dried
paper and to determine whether the pink color could be recovered. For the DMEA sample
(Figure 4-21a, step 3), the central part of the paper circle remained largely as previous while
its yellow edge went pink. In the TEA sample (Figure 4-21b, step 3) the whole circle again
went purplish although the central bleaching due to the formation of spiropyran was more
apparent.
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To obtain some insight into the paper color changes, UV-vis spectra of the paper sensor on
exposure to DMEA in the liquid phase was investigated (Figure 4-22). Initially, PM525MCH+SO3- had an absorption at ~440 nm (Figure 4-22, black line). Addition of DMEA gave a
clear absorbance at ~560 nm (Figure 4-22, red line) with a matching drop in the 440 nm peak
due to the deprotonation of PM525-MCH+SO3- to PM525-MCSO3-HDMEA+. When the paper
was heated, the PM525-MCSO3-HDMEA+ absorption intensity decreased (Figure 4-22, pink
line) along with a rise in the 440 nm peak, consistent with the reformation of the protonated
merocyanine. Upon adding the amine for second time, the PM525-MCH+SO3- absorption at
~440 nm again reduced (Figure 4-22, blue line) although there was no increase in the amount
of PM525-MCSO3-HDMEA+ at ~560 nm. This is consistent with the lack of color change of
the central circle that can be seen in the photos following steps 2 and 3.

Figure 4-22. UV-vis spectra of PM525-MCH+SO3- (black line), after adding DMEA (red line),
decoloration (blue line) and reversibility (pink line).

These amine results highlight the fact that there is a clear difference in the stabilities of the
PM525-MCSO3-HDMEA+ and PM525-MCSO3-HTEA+ amine salts with the PM525-MCSO3HDMEA+ neither readily losing DMEA to reform the yellow protonated merocyanine, PM525-
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MCH+SO3-, nor ring closing to form the colorless spiropyran PM525-SPSO3-HDMEA+. In
contrast, the PM525-MCSO3-HTEA+ amine salt is not as stable and reverts to the yellow
protonated merocyanine, PM525-MCH+SO3-, as well as likely ring closing to the spiropyran
PM525-SPSO3-HTEA+ as is apparent with the central color bleaching. Thus, not only did these
paper sensing tests demonstrate the detection of amines but also were able to distinguish
between the different amines.
There was a significant difference between the amine results and those of the ammonia
solution. As can be seen in Figure 4-21c, the yellow paper circle changes to a number of
colored rings upon treatment with ammonia (Figure 4-21c, step 1), with a bleached centre
surrounded by a red circle that has a violet edge. Upon heating (Figure 4-21c, step 2), the red
coloration is lost, a broader violet ring is formed and the yellow edge is restored. Addition of
more ammonia (Figure 4-21c, step 3) appears to return the colors as after step 1.
While an extensive study would have been required to determine exactly the nature of the
transformations occurring with ammonia, it appears that more than one form of the
merocyanine salt PM525-MCSO3-NH4+ can be formed, the red form typical of a merocyanine
in a highly polar environment (~500 nm absorption)9 and the violet form typical of a
merocyanine in a non-polar environment (~580 nm absorption).9 In addition, this merocyanine
ammonium salt may be less stable than either of the amine salts as indicated by the increased
amount of bleaching of the paper circle.
These experiment were then repeated for the detection of the amines and ammonia in the vapor
phase. A small volume (1 mL) of the amines (DMEA, TEA) and NH4OH solution were placed
in test tubes and masked filter papers treated with PM525-MCH+SO3- were placed on the mouth
of the tubes. For DMEA (B.P 36.5° C) and NH4OH (B.P 37.7° C), steps 1 and 3 were observed
at room temperature (without heating test tube). However, in the case of TEA (B.P 89° C), the
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test tube was placed on a heater set at 65-70° C degree to make increase the amount of amine
vapor.
In contrast to the liquid results, the vapor results for all three bases were similar (Figure 4.23).
A similar color change for all the base vapors from yellow to pinkish (Figure 4-23a-c, step 1)
was obtained after almost one min, which on heating for almost 5 seconds returned the color
of the filter paper back to yellow (Figure 4-23a-c, step 2), albeit less intense than the starting
yellow color. Repeating exposure by DMEA, TEA and NH4OH to the papers showed that this
process appeared to be reversible (Figure 4-23a-c, step 3) with similar intensity of color as in
the 2nd set of photos.

Figure 4-23. PM525-MCH+SO3-paper sensor for detection of (a) DMEA, (b) TEA and (c) NH4OH in
vapor phase.

This reversibility is in complete contrast to the liquid state experiments. While there would not
appear to be an obvious reason for this difference, it suggests that the reactivity of PM525MCH+SO3- is different in the liquid state and the vapor phase. This might not be surprising
given that the polarity of solvatochromic molecules like merocyanines is highly influenced by
their environment.9 Nonetheless, these experiments have shown that molecules like PM525MCH+SO3- could be used as reversible paper-based sensors for the visual detection of basic
vapors and gases.
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4.6.2 YX36-MCH+SO3- in response to base
One of the problems associated with PM525-MCH+SO3- was the bleaching that occurred under
some circumstances as a result of the conversion of the merocyanine form PM525-MCSO3HNR3+ to the spiropyran form PM525-MCSO3-HNR3+. It is known that spiropyrans bearing
NO2 groups stabilize the colored merocyanine form.6 Therefore, a new protonated
merocyanine, YX36-MCH+SO3- (Figure 4-24), synthesized in our laboratory by Yang Xiao,
was investigated for use as a paper base sensor for DMEA in both the liquid and vapor phases.
The deprotonation of YX36-MCH+SO3- is shown in Figure 4-24.

Figure 4-24. Deprotonation of YX36-MCH+SO3- in the presence of amine.

Figure 4-25 shows the UV-vis spectrum of a 3 × 10-5 M solution of YX36-MCH+SO3- in
DMSO, which has an absorption around 430 nm due to the protonated moiety (Figure 4-25,
red line). There is also a small absorption at ~560 nm due to the presence of merocyanine. This
may be a result of any basic surface that the solution has come into contact with. The addition
of DMEA induced deprotonation of YX36-MCH+SO3- to YX36-MCSO3-HDMEA+ with a
clear absorbance around 560 nm (Figure 4-25, blue line). This absorption was still observable
after one min (Figure 4-25, pink line) and 10 mins (Figure 4-27, green line) indicating stability
of the merocyanine form.
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Figure 4-25. UV-vis spectra of YX36-MCH+SO3- in DMSO (red line), after adding DMEA (blue
line), 1 min (pink line) and 10 mins (green line) after adding the amine.

Comparing the UV-vis spectra of PM525-MCH+SO3- (Figure 4-20) and YX36-MCH+SO3(Figure 4-25), the MC moiety in the latter was more stable, which supported the idea of
stabilization of the merocyanine by the NO2 group.

4.6.2.1

YX36-MCH+SO3- as a paper-based sensor

For this compound, only DMEA in the liquid and vapor phases was used to demonstrate the
sensing capability of YX36-MCH+SO3- on paper. For the amine detection in the liquid phase,
20 µL of YX36-MCH+SO3- solution (10-3 M in MeOH) was placed on a filter paper, which was
covered with a black mask to make the optimum contrast as before, followed by 10 µL of
DMEA. The spreading of the YX36-MCH+SO3- solution on the paper appears to result in a
concentration of the yellow protonated merocyanine itself as a dark spot in the middle of the
paper surrounded by a separate pinkish ring of the deprotonated merocyanine, which was
evident in the UV-vis spectrum (Figure 4-25). The addition of DMEA (Figure 4-26, step 1)
caused a color change of the dark yellow central spot to violet with a less intensely colored

154

pinkish ring surrounding it due to deprotonation of the YX36-MCH+SO3- to YX36-MCSO3HDMEA+. Heating the paper resulted in some decoloration of the central spot but no return to
the initial yellow color (Figure 4-26, step 2). With the addition of more amine (Figure 4-26,
step 3), the central spot did indeed darken to the violet color seen in the 2nd photo.
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DMEA

Δ

DMEA

Figure 4-26. YX36-MCH+SO3--paper sensor for DMEA detection in liquid phase.

The UV-vis spectra of these changes do confirm this lack of significant reversibility. Following
initial application of YX36-MCH+SO3- to the paper, an absorption around 440 nm related to
the protonated form (Figure 4-27, black line) can be seen with a broad shoulder stretching out
to 600 nm, presumably due to the merocyanine that can be seen as the pink ring on the paper
(Figure 4-26, photo 1). The loss of the 440 nm peak on addition of DMEA is apparent with the
rise of the band at 550 nm (Figure 4-27, red line). While this absorption intensity decreased
upon heating, the band at 440 nm did not appear, although the 550 nm peak increased once the
amine was introduced to the paper again (Figure 4-27, pink line).

155

Figure 4-27. UV-vis spectra of YX36-MCH+SO3- (black line), after adding DMEA (red line),
decoloration (blue line) and reversibility (pink line).

For amine detection in the vapor phase, 1 mL of DMEA was placed in a test tube and the
masked filter paper with the YX36-MCH+SO3- absorbed onto it was placed on the mouth of
the tube. The color change, decoloration and reversibility of the YX36-MCH+SO3- paper sensor
against DMEA in the vapor state is shown in Figure 4-28. As before, steps 1 and 3 were
observed at room temperature (without heating the test tube).

1

2

3

DMEA

Δ

DMEA

Figure 4-28. YX36-MCH+SO3--paper sensor for DMEA detection in vapor phase.

As had been observed previously for the PM525-MCH+SO3- paper sensor, the vapor phase
results were quite different from the liquid results such that in the vapor phase the color of the
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paper sensor showed a more consistent and clear color change from yellow to pinkish violet.
Upon heating (Figure 4-28, step 2), there did not appear to be a full return to the yellow color
in photo 1 with some apparent bleaching. Nonetheless, repeating the vapor exposure (Figure
4-28, step 3) produced the violet color similar to that in photo 2. This again confirmed that the
base the reactivity of of the protonated merocyanine, YX36-MCH+SO3- is different in the liquid
state and the vapor phase, as was the case for PM525-MCH+SO3-. Indeed, the vapor results for
both protonated merocyanines were very similar and so it is not clear from these experiments
whether the presence of the nitro group on the merocyanine was advantageous. Further work
with YX36-MCH+SO3- and other bases needed to be undertaken to confirm this but time did
not permit this.
It has been shown that both YX36-MCH+SO3- and PM525-MCH+SO3- appear to be suitable
for base detection in a paper sensor. However, the sensitivity of the sensors for the bases now
needs to be determined to ascertain their viability for use in real world applications. This
remains as future work.

4.7

Chapter summary

In this chapter, the MCH+:DBS- droplet was used for the development of a chemotactic system.
In a simple Teflon channel, NaOH and a MCH+:DBS- droplet were introduced into the two
ends of a wide channel filled with water. Once the droplet sensed the alkali, the droplet color
changed from yellow to red due to deprotonation of MCH+:DBS- to MC. While the droplet was
moving through the channel, the expansion of the aqueous phase as a result of interfacial
tension change was due to release of DBSA (or DBS-) surfactant. To determine the effect of
pH, the droplet was then introduced into solutions of constant pH between 7 and 14 and this
experiment showed that deprotonation of MCH+:DBS- could happen at pH 7. A narrower
channel was used later on to achieve more directional droplet movement, which was successful.
The droplet moved toward the source of chemoattractant.
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The mechanism of the droplet motion was then investigated using droplet IFT measurements,
which showed that increasing the pH of the aqueous solution increased the generation of
merocyanine along with decreasing the IFT of the MCH+:DBS- droplet. This suggested that
the gradient of IFT across the droplet created Marangoni flow at the droplet interface, which
in turn led to convective flow inside and outside of the droplet and resulting droplet movement
toward areas of higher pH.
The chemotactic system was then modified using a surfactant-containing aqueous solution,
which led to a shorter induction time for the droplet to sense the alkaline pH and faster droplet
propulsion response. This was likely due to coupling of micelles with the mobile hydroxide
ions, resulting in an increase of the base diffusivity.
The use of a maze demonstrated that the droplet could display oriented motion toward the
chemoattractant source. However, different modes of motion were observed in the maze and
characterized within the maze pH gradient by analysis of the droplet dynamics in collaboration
with researchers at the Max Planck Institute of Dynamics and Self-organization in Göttingen.
After sensing the basic pH, the mode of motion of the droplet was chaotic and, as it moved
toward the areas of higher pH, the motion transited to a second mode (n = 2, quadripolar flow
field) and then to a third mode (n = 1, dipolar flow mode). Observation of this kind of behavior
could be useful for the study of the physical aspects of chemotaxis in living systems.
Following this, chemotactic droplet movement was achieved in 3D. Droplets were observed to
move up the downward flow of base from inlet at the top of a container, following the alkaline
gradient and moving toward the base source. However, some droplets did not follow the
apparent pH gradient and further work is needed to understand this.
Finally, in the last part, inspired by the ability of protonated merocyanins to interact with basic
species, two synthetic protonated merocyanines were utilized as colorimetric sensors for base
detection. This was done by exposing the protonated merocyanines absorbed onto filter paper
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to bases in both the liquid and vapor phases, resulting in a change the color of the yellow
protonated merocyanine to the purplish merocyanine. This reaction was partially reversible in
the liquid state experiments after applying heat to evaporate the amine or ammonia. However,
in the vapor phase a different reaction mechanism appeared to be operating and the color
changes seemed quite reversible. Therefore, at least from a qualitative aspect, these paperbased sensors appeared to be viable for the detection of base vapor.

4.8
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Chapter 5 (Applications of phototactic droplet systems)

163

5.1

Introduction

During the last twenty years, developing droplet systems has attracted a lot of attention because
of their applications in different areas ranging from bioassays1-4 to high-throughput synthesis
of materials.1-8 Several groups have worked on moving oil droplets by different methods
utilizing chemical,9 thermal10 or optical stimuli.11, 12 As described in the previous chapters of
this thesis and by Xiao et al., complete light-controlled movement of oil droplets has only been
recently demonstrated in which the photoactive spiropyran or its merocyanine photoisomer
present in an organic droplet could induce droplet movement in aqueous surfactant solution
due to the spiropyran/merocyanine photoisomerization reaction changing the surface tension
of the droplet/water interface.13 It has been demonstrated that the light driven droplets can pick
up and carry a “cargo”, which can be transferred to another droplet to perform a chemical
reaction. This droplet system offered the potential to achieve droplet-contained chemistry at a
specific site, which could be useful for a variety of applications such as sensing, signalling or
material repair.
Manipulating this unique capability of employing light to control droplet motion opened up
another possibility of utilizing it for remote activation of a reaction such as polymerization at
a specific location. This could be very valuable particularly in challenging environments such
as under water. For example, defects in fluidic channels or tubes could be remotely repaired by
directing each reactant of an adhesive to the defect and effecting the reaction at the point-ofneed. While this could be achieved by physical placement of the reactants using devices such
as syringes or pipettes, the light-directed transport of individual reactants is a much more
intriguing approach, and could be employed where traditional methods are not possible. One
way to achieve this is through the controlled movement of reactant-containing droplets to
locations of interest, where the polymerization reaction then occurs.
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Inspired by recent developments in the use of synthetic polymers as wet adhesive materials,1416

it was set out to investigate the interesting possibility of site-specific UV and visible light-

induced photopolymerization via a droplet-based approach that could be achieved under water.
To achieve this, utilizing our photoactive droplet systems13 for transportation of both a
photoinitiator and a monomer droplet to a specific location under water where they would be
mixed to undertake the polymerization was investigated. This required using photoinitiator and
monomers that were soluble in the droplet solvents and were not affected by the photoactive
materials used for the droplet motion. The polymers also needed to be resistant to water. If a
suitable droplet-based polymerization system could be developed, it would open up a number
of potential applications such as repairing defects under water or bonding materials together
and these would then be investigated.
However, the nature of the photoactive droplet contents also suggested other possible
applications that was wanted to explore. The solvent in the droplet composition could be used
to dissolve other materials underwater and therefore potentially be used to open a valve or to
complete an electric circuit, given the ionic nature of the droplet.
In addition, it has been demonstrated recently that moving droplets on surfaces such as paper
allows the development of a microfluidic device that has the potential for applications such as
biomarker detection.17, 18 Therefore, there is the possibility of achieving something similar with
our photoactive droplets and to develop this it has been investigated whether the droplets on
thin films of water on surfaces can move.

5.2

UV light-induced polymerization using droplet-based
systems

For a droplet polymerization, a two droplet system was necessary such that both droplets were
able to move under UV light irradiation with the first droplet containing photoinitiator and the
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second the monomer. Experiments were initially undertaken to determine the most appropriate
polymer and photoinitiator.
Both N-isopropylacrylamide (NIPAM) and acrylic acid (AA) monomers (Figure 5-1) were
investigated to determine how effective they could be in underwater polymerizations. These
monomers were chosen because their polymers have been used in several applications in
medicine and microfluidics such as for flow controllers and actuators, drug delivery systems,
bioassays and hydrogels.19-25
The photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA) (Figure 5-1), was initially
chosen since it has commonly been used for the free radical polymerization of NIPAM.26

Figure 5-1. Structures of NIPAM, AA and DMPA.

Initially, to investigate the photoactivity of DMPA at 365 nm, a 1×10-5 M solution of DMPA
in 1,2 dichloroethane (DCE) was prepared. Figure 5-2 shows the photo cleavage reaction and
UV-vis spectra of DMPA. A spectrum was initially obtained after preparation (Figure 5-2b,
black line). Another spectrum was then obtained after the DMPA solution was irradiated at 365
nm for 10 sec (Figure 5-2b, red line) showing the change in characteristic absorption around
252 nm due to light-induced photo cleavage and generation of radicals. As could be seen, the
absorption at 365 nm was very low (A365 nm, 0.004), although it appeared to absorb efficiently
enough to generate radicals.
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Figure 5-2. (a) Photo cleavage reaction of DMPA, (b) UV/visible spectra of DMPA solution (1×10 -5
M) showing the low absorption of DMPA solution at 365 nm (black line), followed by irradiation with
365 nm light (red line).

Polymerization reactions were first done in a test tube by mixing monomer and initiator in air.
If the polymeric product was obtained, then the same polymerizations were tried under water.
Both NIPAM and AA produced polymers under these conditions. However, in water, only
NIPAM generated polymer while AA did not work due to its miscibility with the water. As a
result, AA was not suitable for the droplet reaction and only NIPAM was used for further study
in aqueous phase experiments.
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The MCH+:DBS- droplet (see Chapter 3, Section 3-2) was selected as the carrier for
transporting both the photoinitiator and the monomer. The photoisomerization reaction of the
MCH+:DBS- droplet is given below (Figure 5-3).

Figure 5-3. Schematic representation of the photoisomerization reaction in the MCH+:DBS- droplet.

The transportation of the DMPA photoinitiator in a MCH+:DBS- droplet was able to be
achieved, and this will be detailed in the following sections. However, when the photoactive
droplets contained NIPAM as the cargo, droplet motion could not be obtained under a variety
of conditions. Therefore, droplet polymerization systems were then investigated in detail in
which one droplet contained the photoinitiator (photoactive droplet) while the other nonphotoactive droplet contained the monomer, which was stationary.

5.2.1 MCH+:DBS- droplet with DMPA photoinitiator (system A)
As indicated above system A used MCH+:DBS- droplet as a carrier to transport the DMPA
photoinitiator using a 365 nm light source to move the droplet along with a stationary NIPAM
droplet. The photoactive droplet 1A consisted of SP:DBSA (1:1, mol:mol) and DMPA, which
were dissolved in DCE to give a concentration of 0.1 M and 4.5 M, respectively. The solution
was aged by keeping in the dark over night before using it (for a discussion of why aging the
droplet was necessary see Chapter 3, Section 3-2).
The stationary droplet 2A consisted of NIPAM (0.1 g) and sodium dodecylbenzenesulfonate
(SDBS) (1.7 mg), which were dissolved in 50 µL DCE. The anionic surfactant SDBS was
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added to improve the mixing of the two droplets. In addition, trimethylolpropane triacrylate
(TMPTA), a common cross linking agent,27-29 was also added at a concentration of 0.44 M.
To achieve droplet polymerization in the aqueous phase, a glass petri dish was filled with an
aqueous solution containing SDBS (7mM). Droplet 1A (1 µL) was placed on one side of the
petri dish and 1 µL of droplet 2A on the other side (Figure 5-4i). Irradiation of droplet 1A with
365 nm light led to its movement toward the light and droplet 2A (Figure 5-4ii), resulting in
the merging of the two droplets (Figure 5-4iii). Continuous irradiation of this mixture for
almost two min resulted in formation of an orange solid polymer (Figure 5-4iv).

Figure 5-4. Schematic representation of the movement of droplet 1A mixing with droplet 2A to achieve
a polymer in system A.

This polymer was characterized by infrared spectroscopy (Figure 5-5) and compared to the
NIPAM monomer spectra that showed an amide C=O stretching band at 1659 cm−1,30
secondary amine N–H stretching band, C-H and C-N bands at 3290, 2970 and 1168 cm−1,
respectively31 and a monosubstituted C=C (vinyl) band at 990 cm−1. After reacting with the
initiator, an absence of the 990 cm−1 band indicated the loss of the NIPAM C=C bond upon
formation of the p(NIPAM).30
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Figure 5-5. FT-IR spectra of NIPAM in monomer (black line) and polymeric (red line) forms for system
A.

Although in System A, pNIPAM was formed, there were some problems with the direction of
droplet motion as well as mixing with the stationary droplet. Once droplet 1A came into contact
with droplet 2A, it took up to 10 s of constant irradiation to mix them. In addition, over longer
distances, droplet 1A initially moved toward the light (consistent with the direction of motion
for a MCH+:DBS- droplet without initiator) and then after some sec, moved away from the light
(opposite to the direction of motion for MCH+:DBS- droplet without initiator). Therefore, the
presence of the DMPA appeared to influence the droplet motion direction.
Since it had been noted earlier that light irradiation on a fresh droplet of MCH+:DBS- resulted
in no motion (for more explanation, see Chapter 3, Section 3-2), the movement of a fresh
MCH+:DBS- droplet containing DMPA was studied. Upon 365 nm light irradiation, the fresh
droplet moved but away from the light, opposite to the direction of motion of the aged droplet.
This change in the direction of motion supported the idea that DMPA contributed to the droplet
170

movement. However, attempts to achieve droplet motion with only DMPA in the droplet failed.
Since neither droplet movement nor speed of polymerization were ideal when using DMPA,
an alternative photoinitiator was investigated.

5.2.2 Selecting a better photoinitiator
Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) is a potential photoinitiator with
the ability to increase the polymerization rate.32 To determine its activity at 365 nm, a 1×10-5
M solution of BAPO in 1,2 dichloroethane (DCE) was prepared and UV-vis spectrum was
obtained (Figure 5-6b, black line). The BAPO solution was then irradiated with 365 nm light
for 10 sec and the UV spectrum showed a change in characteristic absorption at 258, 292 and
365 nm due to light-induced photo cleavage reactions and radical production (Figure 5-6b, red
line). Therefore, BAPO was used as an alternative photoinitiator in the photoactive droplet.

Figure 5-6. (a) Schematic representation of BAPO photo cleavage reaction, (b) UV/visible spectra of
the BAPO solution (1×10-5 M) showing the absorption of freshly prepared solution (black line),
followed by irradiation with 365 nm light (red line).
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5.2.3 MCH+:DBS- droplet with BAPO photoinitiator (system B)
In System B, DMPA was replaced with BAPO to attempt to increase the polymerization rate
and improve the droplet motion. The photoactive droplet 1B consisted of SP:DBSA (1:1,
mol:mol) and BAPO dissolved in DCE to give a concentration of 0.1 M and 0.5 M,
respectively. The resulting solution was aged by keeping it in the dark over night before use.
The stationary droplet 2B consisted of NIPAM (0.1 g), TMPTA (0.44 M) and SDBS (1.7 mg)
dissolved in 50 µL DCE. As before, the anionic surfactant SDBS was added to improve the
mixing of the two droplets.
As previously, droplet 1B (1 µL) was placed on one side of the petri dish containing an aqueous
solution of SDBS (7mM) and 1 µL of droplet 2B on the other side (Figure 5-7i). Irradiation of
droplet 1B with 365 nm light led to its movement toward the light and droplet 2B (Figure 57ii), resulting in the merging of the two droplets (Figure 5-7iii). Continuous irradiation of this
mixture for less than one min resulted in formation of an orange solid polymer (Figure 5-7iv).

Figure 5-7. Schematic representation of the movement of droplet 1B motion mixing with droplet 2B to
achieve a polymer in system B.

The polymer generated in system B was characterized by infrared spectroscopy and the
resulting spectrum shown in Figure 5-8. Similar to the spectrum in System A (Figure 5-5), an
absence of the 990 cm−1 band indicated the loss of the NIPAM C=C bond upon formation of
the p(NIPAM).
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Figure 5-8. FT-IR spectra of NIPAM monomer (black line) and p(NIPAM) (red line) generated in
system B.

Also similar to system A, driving the droplet 1B over the longer distance led to initial
movement toward the light changing to away from the light after some sec. So, while replacing
DMPA with BAPO helped to achieve a higher polymerization rate, the direction of motion for
aged droplet 1B was still problematic. A potential solution to this was to look at an alternative
droplet system.
SP:HDA droplet was another developed droplet reported before (see Chapter 3, Section 3-2)
and its photoisomerization reaction is given below (Figure 5-9). This droplet moved away from
the 365 nm light, which was the same direction as the fresh MCH+:DBS-:DMPA droplet.
Considering this, SP:HDA droplet appeared to be a suitable alternative to carry the
photoinitiator such that both photoactive materials would drive the droplet in the same
direction. So, MCH+:DBS- droplet was replaced with the SP:HDA droplet and initially DMPA
was tried as the cargo for the next polymerization system described below.
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Figure 5-9. Schematic representation of the photoisomerization reactions in SP:HDA droplet.

5.2.4 SP:HDA droplet with DMPA photoinitiator (system C)
Since DMPA had been initially tried (System A), this photoinitiator was used here to have a
comprehensive set of studies. The phototactive droplet 1C consisted of SP:HDA (1:1, mol:mol)
and DMPA, which were dissolved in DCE to give a concentration of 0.1 M and 4.5 M,
respectively. The stationary droplet 2C consisted of NIPAM (0.1 g) and SDBS (1.7 mg)
dissolved in 50 µL DCE.
Droplet 1C (1 µL) was placed on one side of the petri dish containing an SDBS aqueous
solution (7mM) and 1 µL of droplet 2C was introduced on the other side (Figure 5-10i).
Irradiation of droplet 1C with 365 nm light led to its movement away from the light, toward
droplet 2C (Figure 5-10ii), resulting in the fast merging of the two droplets (Figure 5-10iii).
Continuous irradiation of the mixture for almost two min resulted in formation of an orange
solid polymer (Figure 5-10iv, Movie 5-1).

Figure 5-10. Schematic representation of the movement of droplet 1C motion mixing with droplet 2C
to achieve a polymer in system C.
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This polymer was characterized by infrared spectroscopy. Similar to System A (Figure 5-4),
an absence of the 991 cm−1 band indicated the loss of the NIPAM C=C bond upon formation
of the p(NIPAM).
While in Systems A and B, where the MCH+:DBS- droplet was used as the photoinitiator
carrier, the droplet changed direction of motion over time, using SP:HDA in the droplet in
System C solved this problem such that uni-directional movement (away from the light) was
achieved. In addition, the two droplets mixed much more easily than in Systems A and B.
However, the polymerization rate was slow and the speed of droplet motion was lower than for
a SP:HDA (1.2 mm s-1) droplet13 such that droplet 1C only moved ~ 8 mm with a speed of 0.5
mm s-1. This suggested that the DMPA photoinitiator not only gave a slow polymerization rate
but also inhibited the droplet motion. In order to increase the efficiency of polymerization and
droplet speed, the use of BAPO in the SP:HDA system was investigated.

5.2.5 SP:HDA droplet with BAPO photoinitiator (system D)
In order to confirm the effect of BAPO, the droplet motion of a SP:HDA:BAPO droplet 1D
was initially investigated. The photoactive droplet 1D consisted of SP:HDA (1:1, mol:mol) and
BAPO dissolved in DCE to give a concentration of 0.1 M and 0.5 M, respectively.
Irradiation by 365 nm light of a 1 μL droplet 1D resulted in droplet movement away from the
light (Movie 5-2) as had occurred previously for DMPA-containing droplets, but the droplet
speed was much higher (4.0 mm s−1) compared to the speed of the droplet 1C in system C (0.5
mm s−1) as well as the SP:HDA droplet without any photoinitiator (1.2 mm s−1).13 However, as
can be seen in Movie 5-2, the droplet motion was more erratic in its direction than that observed
with a SP:HDA droplet. As it has been demonstrated that the movement of these types of
photoactive droplets is driven by a change in interfacial tension (IFT) and resulting Marangoni
flows, the higher speed and erratic movement of the SP:HDA:BAPO droplet suggested that the
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light-induced fragmentation of BAPO itself (Figure 5-6a) could also induce a differential IFT,
contributing to an overall increase in the IFT gradient.33
Notwithstanding this droplet bahavior, polymerization using this droplet was explored. The
same SP:HDA:BAPO droplet (1D) was used along with a stationary droplet 2D consisting of
NIPAM (0.1 g) and SDBS (1.7 mg) dissolved in 50 µL DCE. Droplet 1D (1 µL) was placed
on one side of the petri dish filled with an aqueous solution containing SDBS (7mM) and 1 µL
of droplet 2D was introduced on the other side (Figure 5-11i). Irradiation of droplet 1D with
365 nm light led to its movement away from the light, toward droplet 2D (Figure 5-11ii),
resulting in the merging of the two droplets (Figure 5-11iii). Continuous irradiation of the
mixture for less than one min resulted in formation of an orange solid polymer (Figure 5-11iv,
Movie 5-3).

Figure 5-11. Schematic representation of the movement of droplet 1D motion mixing with droplet 2D
to achieve a polymer in system D.

This polymer (system D) was characterized by infrared spectroscopy. Similar to the spectrum
for System B (Figure 5-8), the absence of the 990 cm−1 band indicated the loss of the NIPAM
C=C bond upon formation of the p(NIPAM).
So, in this system, replacing MCH+:DBS-:BAPO with SP:HDA:BAPO improved both the
speed of motion and increased the polymerization rate, although the droplet movement was
erratic. Clearly, from these results, like DMPA, BAPO had an effect on droplet motion
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suggesting that it could be used to drive droplets without the need for the photoisomer.
Therefore, this possibility was investigated.

5.2.6 BAPO droplet motion
Given the apparent effect of the BAPO on the droplet speed, an investigation into whether
BAPO itself could induce droplet movement was undertaken. To this end, 1 µL DCE droplet
containing only BAPO (0.5 M) was irradiated in an aqueous SDBS solution (7 mM) with 365
nm light and the droplet did indeed move away from the light with an obvious plume, although,
as can be seen in Movie 5-4, droplet movement was erratic. This droplet travelled 90 mm with
a speed of 1.4 mm s-1. Therefore, the mechanism of the BAPO droplet movement was further
investigated.

5.2.6.1

IFT measurement

As the IFT change is a key factor for droplet motion,33 the IFT measurement of the BAPO
droplet was undertaken. This was carried out using the pendant drop method similar to
previously done for SP:HDA droplet in Chapter 3. An attempt was made to measure the IFT
of the BAPO droplets in surfactant-containing water but this was not successful as the IFT
difference between the two phases allowed the aqueous phase to enter the goniometer needle,
likely due to the absorption of surfactant into the organic phase from the aqueous phase. Direct
measurement of the droplet IFT was possible only for droplets containing BAPO dissolved in
DCE without surfactant in the aqueous phase. Initially, the IFT was obtained for pure solvent
(DCE) as background measurement (Figure 5-12, black line). Following that, a measurement
was done for a BAPO:DCE droplet (0.5 M) in the absence of light (Figure 5-12, red line),
which showed an IFT difference of ~ 3.5 mN/m from that of the pure DCE droplet. However,
no change in the BAPO IFT occurred in the absence of light over 60 sec. Finally, the IFT was
obtained for the BAPO:DCE (0.5 M) droplet without light irradiation (30 s) followed by 365
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nm light irradiation (30 s) and this resulted in a decrease in the IFT by ~ 4 mN/m (Figure 5-12,
blue line).

Figure 5-12. IFT measured by the pendant drop method for BAPO droplet in DI water; IFT for DCE
(black line), BAPO:DCE without light (red line) and BAPO:DCE without line and then with light (blue
line). The smoothing of the plot was done by adjacent averaging.

This IFT change presumably resulted from the photocleavage of BAPO (Figure 5-6a) and likely
subsequent reaction of the resulting radicals with a radical-scavenging species like oxygen or
DCE itself.34 This drop in IFT on light irradiation is consistent with the droplet motion away
from light and analogous to that observed for SP:HDA (Chapter 3, Section 3.2.1.3) suggesting
that a similar Marangoni-based movement occurs in both cases and further investigated in the
next section.
5.2.6.2

Marangoni flow observations

As previously reported for self-propelled droplets33 and SP photoactive droplets,13 droplet
movement could be explained if a species within a droplet undergoes a chemical interaction
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with the surfactant molecules creates an IFT gradient and generating an external Marangoni
flow along with an internal Marangoni convection flow (Figure 5-13a) leading to droplet
movement in the opposite direction by conservation of momentum. To study the internal
current in the BAPO droplet, a small amount of 10-25 µm glass microbeads were introduced
into the immobilised droplet. Upon light irradiation, microbeads moved to the liquid interface
as a result of their hydrophilicity, which allowed the effective visualisation of both the internal
and external Marangoni current as can be seen in Movies 5-5 and illustrated in Figure 5-13b.
This Marangoni flow was further studied by introduction of carbon particles in the aqueous
medium outside the droplet showing that applying light to the droplet led to the movement of
particles in the surrounding medium across the surface of the moving droplet (Movie 5-6). This
further supported the proposal that external Marangoni flow was from areas of lower to higher
IFT and droplet, opposite to the direction of movement.

Figure 5-13. (a) Schematic representation of Marangoni flow (shown by green arrows) in the BAPO
droplet, (b) Side views of The BAPO droplet before and during irradiation illustrating Marangoni flow.
The photos were taken from Movie 5-5.
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Therefore, it was likely that the photocleavage of BAPO (Figure 5-6a) led to a change in
surfactant distribution on the surface of the droplet as a result of the interaction of the
photocleavage product with the surfactant inducing an internal droplet fluid flow and creating
an IFT gradient that was continuously sustained. This in turn led to the external Marangoni
flow in the direction of the higher IFT propelling the droplet away from the light source, as
previously shown for other droplets moving by an analogous chromocapillary effect.11

5.2.6.3

Release from droplet

As can be seen in the majority of the droplet movies (see e.g. Movie 5-4), a narrow plume
emerged from the droplet while moving. This was not surprising given previous observations
of plumes from photoactivated droplets and the reported advection of materials from droplets
driven by chemical reactions.13 To attempt to identify the components of this plume, UV-vis
spectra were collected from an irradiated (365 nm) pendant BAPO droplet immersed inside a
cuvette filled with water (Figure 5-14a). Using a portable Ocean Optics spectrophotometer, the
spectrum of the plume (Figure 5-14b) with absorptions at 360 nm and 280 nm suggested in
comparison to Figure 5-6, that BAPO may have been present in the released material. However,
other aromatic components from the BAPO photodegradation as well as DCE may have also
contributed to the observed absorptions. The presence of the SDBS surfactant in water, in the
concentration of 7 mM, which is well above its critical micelle concentration, could be
responsible for this partial solubilisation. It is known that micelles have the ability to enhance
the solubility of water insoluble molecules by trapping them in energetically favourable
microenvironments.35
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Figure 5-14. (a) Schematic representation of experimental set up for characterizing the plume, (b)
UV/visible spectrum of the plume for the BAPO droplet following its irradiation (365 nm).

Given that this BAPO droplet was a new phototactic system, further experiments were done to
study this droplet movement. To this end, the effect of droplet concentration and size were
studied. Different concentrations of BAPO solutions were prepared and the motion of 1 µL
BAPO droplets in aqueous solution were investigated. The speeds and distances that droplets
travelled are shown in Table 5-1.

Table 5-1. Effect of BAPO concentration on the speed and distance travelled for a 1 µL BAPO
droplet.
BAPO Concentration
(M)

Movement

Speed (mm s-1)

Distance
(mm)

0.05

No

―

―

0.1

No

―

―

0.25

Yes

1.1

24

0.5

Yes

1.4

90

1

Yes

1.7

166

2

Yes

2.0

390

3

Solubility limit

―

―
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No motion was observed for droplet concentrations of 0.05 M and 0.1 M. The movement of a
droplet was achieved using higher concentrations of BAPO from 0.25 M to 2 M with increases
of both speed of motion (from 1.1 to 2.0 mm s-1) and distances travelled (from 24 to 390 mm).
A 3 M BAPO droplet could not be obtained due to the solubility limit of the BAPO in DCE.
To study the effect of droplet size, a 2 M solution of BAPO was prepared and the movement
of droplets of different sizes was investigated in aqueous SDBS solution. The effect of the
droplet size on the speed and distance travelled is shown in Table 5-2.

Table 5-2. Effect of the 2 M BAPO droplet size on its speed and distance travelled.
Droplet Size (µL)

Speed (mm s-1)

Distance (mm)

0.5

1.9

300

1

2.0

390

3

2.0

475

5

2.1

580

10

2.1

810

15

1.5

1120

20

Droplet is flat with
almost no movement

―

As can be seen in Table 5-2, the distance travelled could be increased with the size of the
droplet, up to 1120 mm for a 15 µL of 2 M BAPO droplet. Droplets larger than 15 µL tended
to flatten and became difficult to move. Therefore, droplet motion distance required as much
BAPO as possible but the droplet speed appeared to be limited by the size of the droplet.
This photoinitiator-based droplet movement provided the opportunity to use this simpler
system without SP for polymerization. Therefore, the use of BAPO to both move droplets and
effect polymerization was investigated.
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5.2.7 Combined photoactive/photoinitiating BAPO droplet for
polymerization (system E)

With the BAPO capability to induce the droplet controlled movement, it could be possible to
eliminate SP and HDA from droplet and design a simpler system, composed of only BAPO in
droplet 1E, and NIPAM with SDBS in droplet 2E. Therefore, in system E, the photoactive
droplet 1E consisted of BAPO dissolved in DCE at a concentration of 0.5 M. Despite the
previous result that showed 2 M BAPO was advantageous for droplet movement, 0.5 M BAPO
was used here to maintain consistency with the previous polymerizations. The stationary
droplet 2E consisted of NIPAM (0.1 g) and SDBS (1.7 mg) dissolved in 50 µL DCE, similar
to that used previously.
Droplet 1E (1 µL) was placed on one side of the petri dish filled with an aqueous solution
containing SDBS (7mM) and 1 µL of droplet 2E on the other side (Figure 5-15i). Irradiation
of droplet 1E with 365 nm light led to its movement away from the light, toward droplet 2E
(Figure 5-15ii) resulting in the merging of the two droplets (Figure 5-15iii). Continuous
irradiation of the mixture for less than one min resulted in formation of a light green solid
polymer (Figure 5-15iv, Movie 5-7).

Figure 5-15. Schematic representation of the movement of droplet 1E motion mixing with droplet 2E
to achieve a polymer in system E.
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This polymer was characterized by infrared spectroscopy. Similar to the spectrum for System
B, an absence of the 991 cm−1 band indicated the loss of the NIPAM C=C bond upon formation
of the p(NIPAM).
The success of this polymerization process raised a number of questions about the potential of
being able to achieve such a process at longer light wavelengths. Therefore, the use of another
photoinitiator was explored.

5.3

Longer wavelength light-induced polymerization using
droplet-based system

The polymerization capability at longer wavelengths is substantially advantageous. Lamps,
which are normally used in dentistry, endoscopy or microscope imaging radiate light in the low
wavelengths of the visible region, but not at wavelengths below 365 nm. Light emitting diodes
(LEDs) are common sources for polymerizations under illumination as they are more
economical and their emission spectra is uniform. LED flashlights emitting short wavelengths
are readily accessible in the market. These light sources enable a more cost-effective, useful
and transportable initiating light source than is now customary.36
Considering the benefits of utilizing longer wavelength light sources as noted above, a simple
system was designed. Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (DPTBP) (Figure 516a) was used as the photoinitiator. The UV-vis spectrum of a 1×10-5 M solution of
DPTBP:DCE (Figure 5-16b, black line) showed significant absorptions above 300 nm
including in the visible region above 400 nm. Irradiation of this solution with 365 nm (Figure
5-16b, red line) and with 405 nm light (Figure 5-16b, blue line) for 10 sec showed photo
cleavage reactions (Figure 5-16 a) had occurred giving reduction in the DPTBP absorption.
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Figure 5-16. (a) Schematic representation of DPTBP photo cleavage reaction, (b) UV-vis spectra of the
DPTBP solution (1×10-5 M) (black line), followed by irradiation with 365 nm light (red line) and 405
nm light (blue line).

The use of DPTBP for droplet movement with UV and visible light sources was then
investigated.
To achieve the droplet movement, a DPTBP droplet of 1 M concentration was placed in 7 mM
aqueous SDBS solution. Irradiating droplet with 365 and /or 405 nm light sources resulted in
droplet motion away from the light source. The speed of motion as well as the distance travelled
for both light sources was measured, which showed low speed and short distances (Table 5-3).
To optimize the speed of droplet motion and distance travelled, different concentrations of
DPTBP (1 M-4 M) were studied. The summary of these experiments for UV (365 nm) and
visible (405 nm) lights irradiation are shown in the Table 5-3.
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Table 5-3. Effect of different concentrations of DPTBP on UV/vis irradiation.
365 nm light source

405 nm light source

Droplet
Speed (mm s-1)

Distance (mm)

Speed (mm s-1)

Distance (mm)

DPTBP (1 M)

0.85

16

0.7

8

DPTBP (2 M)

1.6

60

1.2

14

DPTBP (3 M)

2.1

256

1.8

70

DPTBP (4 M)

2.3

290

1.8

82

(concentration)

As can be seen in Table 5-3, for each concentration, the speed and distance travelled with 365
nm light was higher than those for 405 nm light, which is consistent with the observation of
greater DPTBP photodegradation at 365 nm as seen in Figure 5-16b. Thus, 365 nm light
irradiation resulted in the production of more free radicals, leading to higher speed in droplet
movement. Moreover, for both 365 nm and 405 nm lights, a higher concentration of DPTBP
led to higher speed of motion: 4 M ≥ 3 M > 2 M > 1 M.

5.3.1 Investigation of mechanism of the DPTBP droplet motion
To investigate the mechanism of the DPTBP droplet motion, the IFT of the DPTBP droplet
was measured by the pendant drop method. A 1 M solution of DPTBP:DCE was prepared and
the IFT was measured in DI water. Initially, the IFT was obtained in the absence of light
following which the droplet was irradiated with 365 nm (Figure 5-17, black line) and 405 nm
light (Figure 5-17, red line).
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Figure 5-17. IFT measured by the pendant drop method for a 1M DPTBP droplet in DI water before
and during irradiation with 365 nm (black line) and 405 nm (red line) light. The smoothing of the plot
was done by adjacent averaging.

As seen in Figure 5-17, applying both 365 nm light (Figure 5-17, black line) and 405 nm light
(Figure 5-17, red line) on a pendant DPTBP drop induced a IFT decrease of 2-3 mN/m due to
photo cleavage reaction of DPTBP. This is a smaller IFT change than achieved with BAPO (4
mN/m), which is consistent with lower speed of a 1 M DPTBP droplet (0.85 mms-1) compared
to the speed of a BAPO droplet of the same concentration (1.7 mms-1) (Table 5-1).
A light –induced decrease of IFT and droplet movement away from the light was consistent
with the BAPO (Section 5.2.6.1) as well as SP:HDA (Chapter 3, Section 3.2.1.3) droplets such
that both of these droplets showed a drop of IFT and movement away from the light. This
propose that similar to these systems, DPTBP droplet also moved following the generation of
Marangoni flow that resulted from IFT change from the light-activated decomposition of the
DPTBP propelling the droplet.
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5.3.2 Polymerization using the DPTBP droplet (System F)
The phototactive droplet 1F consisted of DPTBP dissolved in DCE to give a concentration of
1 M. The stationary droplet 2F consisted of NIPAM (0.1 g) and SDBS (1.7 mg) dissolved in
50 µL DCE.
Droplet 1F (1 µL) was placed on one side of a petri dish filled with an aqueous solution
containing SDBS (7mM) and 1 µL of droplet 2F was introduced on the other side (Figure 518i). Irradiation of droplet 1F with either 365 (Movie 5-8) or 405 nm light (Movie 5-9) led to
its movement away from the light, toward droplet 2F (Figure 5-18ii), resulting in the merging
of the two droplets (Figure 5-18iii). Continuous irradiation of the mixture for less than one min
resulted in formation of a colorless solid polymer (Figure 5-18).

Figure 5-18. Schematic representation of the movement of droplet 1F motion mixing with droplet 2 to
achieve a polymer in system F.

This polymer was characterized by infrared spectroscopy (Figure 5-19). According to the
spectrum, an absence of the 990 cm−1 band indicated the loss of the NIPAM C=C bond upon
formation of the p(NIPAM).
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Figure 5-19. FT-IR spectra of NIPAM in monomer (black line) and polymeric (red line) forms for
system F.

A comparison of the BAPO and DPTBP droplets (Tables 51- and 5-3) shows that the droplet
movement (speed and distance) in the case of the former is better than that of DPTBP.
Nonetheless, the DPTBP can be moved at longer wavelengths and this could be useful for some
applications such as stereolithography 3D printing as was done by Park et al.37

5.4

Applications of droplet-based polymerization

Corrosion in an aqueous environment can affect many different interfaces, causing a lot of
damage, and leading, for example to water pipeline leakages. Recently particular attention has
been paid to the development of the new wet adhesive materials and it was recognized that the
well-known synthetic polymers such as polydimethylsiloxane (PDMS) combined with
polytetrafluoroethylene (PTFE) can promote a strong adhesion under water through molecularlevel dipole interactions.15 However, new smart adhesive materials, which can be used in a
controlled manner, are still in great demand. One of the ways to achieve this could be by
controlling the transport of the reactants in a fluidic system.
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The ability of the photoactive droplets to transport a photoinitiator opened up the possibility to
perform polymerization in a defined location, where the monomer was placed. To demonstrate
this type of polymerization, it was explored whether this system could be used to block a hole
or attach two objects together.

5.4.1 Blocking a hole to stop water leakage
The first application was blocking a hole to stop water leakage. A petri dish with a drilled hole
was filled with aqueous solution containing SDBS (7 mM). A droplet with NIPAM monomer
was placed close to the hole and a BAPO droplet was placed with a ~ 1 cm distance from the
NIPAM droplet (Figure 5-20i). When the BAPO droplet was irradiated with 365 nm light, it
moved away from the light source toward the NIPAM droplet (Figure 5-20ii) until it merged
with the NIPAM droplet (see Movie 5-10). Once the droplets were merged, this droplets
mixture continued to move toward the hole (Figure 5-20iii). The polymer solidified after 1-2
mins of further illumination and completely sealed the hole, which stopped the water leaking
(Figure 5-20iv).

Figure 5-20. Schematic representation of blocking a hole and stopping water leakage: (i) droplet 2
(NIPAM) was placed close to the hole point and droplet 1 (BAPO) in a short distance; (ii) irradiating
light pushed droplet 1 toward 2; (iii) droplets were mixed and keep irradiating light for four mins made
a solid polymer; (iv) hole was blocked and water leakage stopped. All photos were taken from Movie
5-10.
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5.4.2 Under water adhesion
5.4.2.1

Gore-Tex-Gore-Tex attachment

The second application demonstrated that the polymerization could be used to attach two
surfaces together under water. To this end, two pieces of hydrophobic PTFE Teflon based
membrane (Gore-Tex) were immersed into a glass petri dish filled with an aqueous solution of
SDBS (7 mM). These two surfaces were not in the direct contact with each other (distance of
almost 1 mm between Gore-Tex and glass surfaces). Following that, 20 µL of monomer droplet
2 (NIPAM, SDBS) was placed on the edge of the Gore-Tex membrane and a 3 µL droplet of
BAPO (0.5 M) was placed in the petri dish (Figure 5-21i). The BAPO droplet was then driven
by light toward the Gore-Tex, up to the point of reaching the membrane with the monomer
(Figure 5-21ii and see Movie 5-11). Polymerization of NIPAM occurred after almost 4 min
illumination (Figure 5-21iii), which attached the two pieces of Gore-Tex membrane to each
other (Figure 5-21iv).

Figure 5-21. Schematic representation of underwater adhesion of Gore-Tex- Gore-Tex: (i) droplet 2
(NIPAM) was placed on the edge of Gore-Tex membrane and droplet 1 in a short distance; (ii)
irradiating light pushed droplet 1 toward 2; (iii) droplets were mixed; (iv) and continuous irradiating for
almost four min made a solid polymer.
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5.4.2.2

Gore-Tex-Glass attachment

Another experiment demonstrated that the polymerization could be used to glue two different
surfaces together under water. To show this, a glass petri dish was filled with aqueous SDBS
solution (7 mM) and a small glass slide (0.4 g weight) was placed on the bottom of petri dish.
Then, a piece of hydrophobic PTFE Teflon based membrane (Gore-Tex) was immersed into
the solution in contact with glass slide. Following that, 20 µL of monomer droplet (NIPAM,
SDBS) was placed on the edge of Gore-Tex membrane and a 3 µL droplet of BAPO was placed
on the glass slide (Figure 5-22i). BAPO droplet was then driven with light toward the GoreTex, up to the point of reaching the membrane with the monomer (Figure 5-22ii and see Movie
5-12). Polymerization of NIPAM after the light irradiation led to attachment of the Gore-Tex
membrane to the glass slide (Figure 5-22iii) such that lifting up the Gore-Tex resulted in glass
slide lifting as well (Figure 5-22iv).

Figure 5-22. Schematic representation of underwater adhesion of Gore-Tex-glass: (i) droplet 2
(NIPAM) was placed on the edge of Gore-Tex membrane and droplet 1 was placed on the glass slide;
(ii) irradiating light pushed droplet 1 toward 2; (iii) droplets were mixed and; (iv) continuous irradiating
light for four min made a solid polymer such that lifting up the Gore-Tex led to glass slide lifting as
well. All photos were taken from Movie 5-12.
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The attachment of either Gore-Tex to Gore-Tex or Gore-Tex to glass under water demonstrated
the potential of this local polymerization system. However, significant further work beyond the
scope of this thesis would be required to fully characterize this system and assess its full
potential.

5.5

Light directed droplet to make a hole

During the course of this thesis, other potential applications of the photoactive droplet systems
became apparent based on the droplet properties. For example, another site-specific application
for droplet was simply achieved by changing the solvent used in the droplet composition. It
was demonstrated that using chloroform as a corrosive solvent in the droplet could result in
utilizing the droplet as a corrosive object to make a hole in contrast to the hole blocking
previously demonstrated.
To this end, the hole in the petri dish used in Section 5.4.1 was covered with a layer of parafilm.
The container was filled with an aqueous solution of SDBS (7 mM) following which a 1 µL
BAPO droplet was placed in the solution. Irradiating the droplet with 365 nm light led to its
motion toward the point of the hole and, when the droplet came into contact with the parafilm,
it dissolved the parafilm and the solution started to leak (Movie 5-13). Given that in this case,
the solvent played an important role, this application was not limited to a specific photoactive
droplet such that it could be carried by using all droplet systems developed previously
(SP:HDA, MCH+:DBS- or BAPO droplets).

5.6

Light directed droplet as an electrical switch

The ionic properties of the MCH+:DBS- droplet offered the opportunity to develop a further
application based on the ionic conductivity of the droplet. To investigate this, a simple electric
setup was designed. In this system, a petri dish was filled with pure water and a MCH+:DBSdroplet (3 µL) was placed in the bottom of the container. Two copper wire electrodes were
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placed in water (Figure 5-23a) and these were connected to a LED and power source. On
irradiation using 365 nm or 405 nm light, the droplet was guided toward the electrodes (Figure
5-23b) and when it contacted both electrodes (Figure 5-23c) it closed the circuit turning the
LED on (Figure 5-23d, Movie 5-14).

Figure 5-23. Photocontrolled movement of MCH+:DBS- droplet acting as an electrical switch; (a, b)
droplet motion in water toward electrodes; (c) connecting electrodes and, (d) closing the circuit and
turning the light on. All photos were taken from Movie 5-14.

This proof-of-concept use of a photocontrolled droplet as an electrical switch opened the way
emulate the work of Soum et al.17, 18 who developed programmable paper-based microfluidics
devices for biomarkers.

5.7

Light-driven motion of droplets on a wet surface

5.7.1 Demonstrating droplet movement on a wet surface
Droplet motion on a wet surface is of significant interest for various applications including
water-repellent coatings and lubrication.38, 39 Photoinduced motion of a liquid droplet located
on a substrate with photoswitchable wettability has been reported.40, 41 For instance, in 2000,
Ichimura et al. studied the macroscopic motion of liquids on a flat solid surface, which was
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manipulated reversibly by photoirradiation of a photoisomerizable monolayer covering the
surface (Figure 5-24).40

Figure 5-24. Demonstration of (a) and (b) directional motion of a olive oil droplet on the modified
surface upon asymmetrical irradiation with blue light, (c) irradiating the surface with a homogeneous
blue light to stop the movement of the droplet.40

In this work, the substrate surface was modified with a calix[4]resorcinarene derivative having
photochromic azobenzene units. A droplet of olive oil, which was several millimeters in
diameter was placed on the substrate following which asymmetrical photoirradiation resulted
in gradient in surface free energy due to the photoisomerization of surface azobenzenes, leading
to the directional motion of the droplet. This work and other applications suggested
investigating not only droplet movement on a wet surface but also whether this could be done
on surfaces without surface modification. Given that in the previous section, it was
demonstrated that an MCH+:DBS- droplet could act as a switch, this property, along with
movement of a droplet on a wet surface, could allow the design of electronic devices utilizing
the droplet conductivity.
To explore droplet surface movement initially, a glass slide (4.5 × 0.5 cm) was covered with
200 µL solution of pure water and an MCH+:DBS- droplet (0.5 L, 1:1, 0.1 M in toluene) was
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irradiated on the wet glass surface. However, no movement could be obtained. This may have
been due to the interaction of the hydrophilic droplet with the hydrophilic glass surface.
Therefore, the movement of a more hydrophobic SP:HDA droplet was studied.
To this end, a glass slide (4.5 × 0.5 cm) with curved ends that prevented liquid leakage was
covered with 200 µL solution of SDBS (7mM):CaCl2 (0.4 mM). As previously shown (Chapter
3, Section 3-2), surfactant was necessary for movement of the SP:HDA droplet. A 0.5 L
droplet composed of SP:HDA (1:1, 0.1 M) in toluene was placed on the wet surface. On
irradiation with 365 nm light, the droplet moved away from the light, the same direction as in
the bulk solution but with a lower speed rather than in bulk solution, which could have been
due to the droplet exposure to air (Figure 5-25, a1-a3).
To gain some insight into the effect of air on the droplet, the movement as well as the shape of
the droplet was studied from both top and side views (Figure 5-25). From the side view, a
droplet in the bulk solution was spherical (for more explanation see Chapter 3, Section 3.2.1.4),
while on the wet surface its shape was disc-like (Figure 5-25, b1-b3). Movie 5-15 showed the
side view of this droplet movement, which is shown as photos in Figure 5-25b1-b3.

Figure 5-25. Representation of (a) top view and (b) side view of SP:HDA droplet motion on a wet glass
surface using a Leica microscope and goniometer, respectively.
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The disk-like shape of the droplet with an air interface and likely increased friction with the
glass surface would be expected to reduce the movement of the droplet. It is clear from the
shape change of the disk-like droplet after light irradiation that there is an IFT change. This
shape change appears to reduce the amount of droplet interacting with the surface and provide
sufficient droplet surface area for the generation of a Marangoni current albeit at a slower speed
than for a spherical droplet. While droplet movement on a wet surface was demonstrated, the
type of droplet used was not sufficiently conductive to use to develop an electronic device so
this was not pursued any further. However, during the course of these experiments, it was
discovered that air bubbles generated next to a droplet during droplet formation could be moved
along with the droplet so this was further investigated.

5.7.2 Droplet meets bubble on wet surface
Air bubbles are one of the most problematic issues in microfluidic devices42 and so the ability
to manipulate bubbles could help with these types of problems. To investigate the interactions
between a photoactive droplet and air bubbles, the glass slide (4.5 × 0.5 cm) used above was
covered with 200 µL solution of SDBS (7mM):CaCl2 (0.4 mM) and a 1 µL SP:HDA (1:1, 0.1
M) droplet was placed on the wet surface. Then, using a micropipette, a cluster of bubbles
could be generated on the wet surface when the micropipette volume was set to < 1 µL (Figure
5-26a1). When irradiated with 365 nm light, the organic droplet could push the cluster of
bubbles without any of the bubbles bursting (Figure 5-26a2-a4, Movie 5-16). This was not the
case for larger air bubbles that were generated when the micropipette volume was set to 3 µL.
As can be seen in Figure 5-26b1-b4 and Movie 5-17, when the moving droplet came into
contact with two bubbles of similar size to the droplet (Figure 5-26b2), both bubbles were
sequentially popped by the moving droplet (Figure 5-26b3 and 4).
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Figure 5-26. Photographs of the top view of a 1 µL SP:HDA droplet and air bubbles on a wet surface;
(a1-a4) droplet pushed small bubbles and (b) droplet popped bigger bubbles on the wet glass surface.
All photos were taken from Movie 5-16 and 5-17.

To study the relationship between the size of the air bubble and the popping time, air bubbles
with different sizes between 1 to 15 µL were placed on the wet surface. Initially, as a reference
experiment, the popping times of the bubbles were studied over time without droplet contact
with the bubble. Then, the popping time of the different sizes was studied when the organic
droplet was contacted with the bubble. The results (Table 5-4), which are an average of five
measurements, showed that for all sizes of bubbles, collision of the droplet with the bubble
increased the speed of popping.

Table 5-4. Droplet collision with bubbles decreased the popping time.
Bubble size
(µL)
Popping time
(sec)
Popping time
with droplet
(sec)

<1

1

3

5

7

10

15

>180

16.0 (± 1.1)

17.2 (± 0.9)

19.0 (± 0.8)

21.2 (± 0.8)

21.6 (± 0.5)

36.8 (± 1.3)

Bubble
pushed

10.5 (± 1.3)

12.5 (± 1.0)

16.0 (± 0.9)

17.5 (± 0.8)

17.5 (± 0.8)

16 (± 1.1)

198

The explanation for these results lies in the theory behind bubble popping in the presence of
surfactant. A bubble made from soap and water (or other liquid) is defined as air wrapped in
soap film. The outside and inside surfaces of the bubble consist of soap molecules. A thin layer
of water forms between the two layers of soap molecules. These layers together hold the air
inside.43
Generally, for a bubble surface, the tension, which drags parallel to the surface (Figure 5-27),
is often neutralized but generates an internal net force that condenses the gas inside it. The
bubble stability depends on the pressure inside and outside. Once the pressure inside can offset
the pressure outside of the bubble, along with the internal force resulting from surface tension,
the bubble remains stable.44

Figure 5-27. Schematic representation of forces applied on a bubble.44

For a spherical bubble with radius R, in mechanical equilibrium, the balance of surface
tension (γ) forces and internal pressure (P) leads to
𝑃 = 2𝛾/𝑅

(Equation 5-1)

According to Equation 5-1, for the same surface tension, the smaller bubbles have higher
internal pressure to neutralize the outside pressure, as well as additional force from the surface
tension resulting in stability of the bubble. As the bubble size increases, internal pressure P
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decreases such that it cannot counteract the external forces of outside pressure and surface
tension. When small amounts of surfactant are present, the surfactant on the bubble’s cap drags
along with the liquid, resulting in a gradient in surface tension.45 The effect of this gradient is
a Marangoni stress, which counteracts the drainage and rises the persistence time of the bubble
at the surface.46 The film finally becomes thin enough for molecular forces to become
destabilizing and cause rupture. Thinning of the film may occur due to evaporation or viscous
downward flow under the influence of gravity. Evaporation leads rapidly to bursting.46
In these experiments, the high internal pressure of bubbles smaller than 1 µL counteracts the
outside pressure as well as the hole growth that would be induced by contact with the
photoactive droplet. Consequently, for bubbles more than 1 µL, collision with a droplet (as an
external force) induces an initial hole that will grow leading to bursting of the bubble.

5.7.3 Controlling water droplets on Teflon surfaces
Having successfully moved photoactive droplets on wet glass surface, the potential to do this
on other surfaces was explored.

5.7.3.1

Expansion of water droplet on Teflon

Teflon was chosen as the surface and the movement of MCH+:DBS- droplets in pure water
droplets was studied. A water droplet was placed on the Teflon surface following which a 1 µL
MCH+:DBS- droplet was placed inside the water droplet (Figure 5-28a). On irradiation with
either 365 nm light or 405 nm light sources, the MCH+:DBS- droplet moved toward the light
(Figure 5-28b) consistent with the direction of motion in bulky aqueous solution (Chapter 3,
Section 3-2). Movement of the droplet to the edge of the water droplet (Figure 5-28c) led to a
rapid expansion of water droplet (Figure 5-28d and Movie 5-18). After the first water
expansion, the resulting distorted organic droplet was still able to be moved. Movement again
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to the water droplet wall (Figure 5-28f-h) again led to a further rapid expansion of the water
droplet (Figure 5- 28i).

Figure 5-28. Demonstration of the expansion of a water droplet due to collision of a moving
MCH+:DBS- droplet. (a) A 1 µL MCH+:DBS- droplet in a pure water droplet on a Teflon surface; (b)
the organic droplet movement toward the wall of the water droplet;(c) the organic droplet hitting the
wall of the water droplet; (d) expansion of water droplet; (e) organic droplet reform itself; (f,g) the
organic droplet moved again toward the wall of the water droplet; (h) the organic droplet hitting the
wall of the water droplet and (i) expansion of water droplet for second time. Photos were taken from
Movie 5-18.

The expansion of the water droplet after collision with the organic droplet was explained before
(see Chapter 4, Section 4.2).

5.7.3.2

Mixing water droplets on Teflon

The ability to use the photoactive organic droplets to expand water droplets suggested its use
for the interaction of multiple water droplets that could be useful in applications such as
sequential chemical reactions. To this end, a pure water droplet was placed close to the water
droplet containing the MCH+:DBS- droplet (Figure 5-29a). On irradiation with either 365 nm
or 405 nm light, the organic droplet moved to the edge of the water droplet (Figure 5-29b-e)
resulting in its expansion and merging with the neighbouring droplet (Figure 5-29f, g, Movie
5-19).
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Figure 5-29. Demonstration of the expansion of a water droplet due to collision of a moving
MCH+:DBS- droplet and connecting two water droplets on the Teflon surface. (a) A 1 µL MCH+:DBSdroplet in a pure water droplet on a Teflon surface; (b,c) the organic droplet movement toward the wall
of the water droplet;(d) the organic droplet hitting the wall of the water droplet; (e) expansion of water
droplet and (f) connecting two water droplets. All Photos were taken from Movie 5-19.

Multiple drop mixing was then investigated. Several small droplets of water were placed close
to the water droplet containing the MCH+:DBS- droplet (Figure 5-30a). As expected, expansion
of the large water droplet using the photoactive organic droplet led to coalescence of all
droplets (Figure 5-30b-f, Movie 5-20). This simple system could be manipulated for mixing
organic droplets to design multiple chemical reactions.

Figure 5-30. Demonstration of the expansion of a water droplet due to collision of a moving
MCH+:DBS- droplet and connecting several water droplets on the Teflon surface. (a) A 1 µL
MCH+:DBS- droplet in a pure water droplet on a Teflon surface; (b) the organic droplet movement
toward the wall of the water droplet;(c) the organic droplet hitting the wall of the water droplet; (d)
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expansion of water droplet and (e,f) connecting all water droplets. All photos were taken from Movie
5-20.

5.7.3.3

Chemical reaction on Teflon initiated by droplet movement

In order to explore the potential of this droplet mixing system, a polymerization reaction using
2- hexamethylenediamine (HMDA), which is water soluble was designed. In this experiment
three droplets of pure sebacoyl chloride, aqueous HMDA (0.1 M) and 1 µL MCH+:DBSdroplet inside water droplet were placed side-by-side onto the Teflon surface (Figure 5-31a).
Similar to before, irradiating 405 nm light caused the movement of the MCH+:DBS- droplet
toward the edge of water droplet (Figure 5-31b,c). Expansion of water droplet led to collision
between all tree droplets (Figure 5-31d) followed by their merging and making a nylon polymer
(Figure 5-31e,f, Movie 5-21).

Figure 5-31. Representation of (a) introducing droplets of sebacoyl chloride and aqueous HMDA on a
Teflon surface next to MCH+:DBS- droplet within water droplet, (b) the organic droplet movement
toward the wall of the water droplet, (c) the organic droplet hitting the wall of the water droplet, (d)
expansion of water droplet leading to mixing three droplets and (e,f) forming nylon. All photos were
taken from Movie 5-21.
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5.8

Chapter summary

In this chapter different applications of phototactic droplets were demonstrated. In the first part,
phototactic droplets developed before (MCH+:DBS- and SP:HDA) were used for
photopolymerization in aqueous solution. These droplets were utilized to carry a photoinitiator
to the point of a monomer droplet. To achieve the best conditions, six systems were designed.
Table 5-5 summarizes the main features including advantages and limitations of these systems.
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Table 5-5. Summary of droplet-based polymerization systems.
System

A

Composition
MCH+:DBS:DMPA

Speed (mm s -1)

NA

Distance (mm)

Advantages

NA

NA

- higher polymerization rate rather than system A
+

-

B

MCH :DBS
:BAPO

NA

NA

C

SP:HDA:DMPA

0.5

8

D

SP:HDA:BAPO

4

220

- control on direction of motion

E

BAPO

1.4

90

F

DPTBP

0.85

16

- control on direction of motion,
- higher polymerization rate rather than systems A & C
- simple droplet composition,
- new phototactic system,
- control on direction of motion,
- higher polymerization rate rather than systems A &
C,
- increase of speed and distance with increasing BAPO
concentration,
- simple droplet composition, control on direction of
motion,
- new phototactic system,
- higher polymerization rate rather than systems A &
C,
- increase of speed and distance with increasing
DPTBP concentration,
- ability of polymerization with both 365 and 405 nm
wavelengths.
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Limitations
- low polymerization rate,
- no control on direction of motion,
- difficulty in droplets mixing
- polymerization only with 365 nm
light source
- no control on direction of motion,
- difficulty in droplets mixing
- polymerization only with 365 nm
light source
- low polymerization rate,
- polymerization only with 365 nm
light source
- polymerization only with 365 nm
light source
- polymerization only with 365 nm
light source

NA

Utilizing a photoinitiator with higher absorption at 365 nm led to achieving higher
polymerization speed. The photosensitive property of photoinitiator made it possible to remove
SP from droplet composition and utilize only photoinitiator in the droplet. This led to
developing a new and simple phototactic droplet system, which was then used for
photopolymrization in aqueous solution. This polymerization was further studied by applying
it to block a hole and underwater adhesion of a Gore-Tex membrane to glass slide.
Another simple method to utilize application of these photoactive droplets was achieved by
changing the droplet solvent such that by using a corrosive solvent in the droplet composition
could perform as a corrosive moiety via its directing toward a desired point and acted as a valve
to make a water leak.
The ionic structure of MCH+:DBS- droplet suggested another application to use this droplet as
a conductive species to act as an electrical switch such that when droplet was directed between
two electrodes it could close a circuit and turn on an LED.
After that, movement of SP:HDA droplet on wet surface was achieved following which the
behavior of droplet against air bubbles was studied. The results showed that the behavior
depended on bubbles size. While for bubbles smaller than 1 µL, droplet pushed them on the
surface, for those bigger than 1 µL droplet popped bubbles after collision of droplet and bubble.
The movement of MCH+:DBS- droplet on a hydrophobic surface was investigated. In this case
droplet moved on the Teflon surface and when the oil droplet approached the water wall, it
expanded the water/oil interface. This observation was used to mix two or several water
droplets on the surface. Moreover, it was utilized for conducting a polymerization reaction to
synthesis nylon. This simple system could be utilized to design multiple chemical reactions.
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Chapter 6 (Conclusion and future work)
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6.1 General conclusion and future work
6.1.1 Conclusion
At the beginning of this thesis (Chapter 3), two organic droplets containing photoactive
spiropyran (SP) and a weak organic acid (2-hexyldecanoic acid - HDA) or merocyanine (MC)
and a strong organic acid (4-dodecylbenzenesulphonic acid - DBSA), whose movement could
be controlled by light, were studied. In the case of the SP:HDA droplet in which there was no
reaction between SP and the acid, applying 365 nm light induced the photoisomerization of SP
to MC. This resulted in an interfacial tension gradient creating a Marangoni flow, which
ultimately moved the droplet away from the light. Irradiating the droplet with 405 nm light,
reversed the photoisomerization of MC to SP and the direction of droplet motion was toward
the light.
However, when the strong DBSA acid was used in the droplet composition, MCH+DBS- was
formed slowly over 24 hours as determined by a kinetic study. In this system, applying either
365 nm or 405 nm lights led to photoisomerization of MCH+ to SP, which moved the droplet
toward the light source. This photoisomerization along with the release of DBSA surfactant
into the aqueous phase, created an interfacial tension gradient and consequently a Marangoni
flow, which finally moved the droplet toward the light.
While in the case of SP:HDA, surfactant was needed in aqueous solution to move the droplet,
in the case of MCH+:DBS-, the surfactant property of DBSA released from the droplet, made it
possible to move the droplet in pure water. In both systems, interfacial tension change,
Marangoni flow and fuel release played important roles in droplet movement.
The SP:HDA photoactive droplet was then used to develop light-driven double emulsion
systems. To achieve this, the aqueous core was incorporated in the organic droplet via a
pipetting method. Upon applying 365 nm light, this double emulsion droplet moved away from
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the light consistent with the direction of motion in the homogenous SP:HDA droplet. The
aqueous core within the double emulsion was stable to a reasonable extent of up to five min
but the stability was much lower upon light irradiation. In conditions of no light, the stability
of core was improved by adding a viscose oil although the stability under illumination did not
improve likely due to the turbulence created within the irradiated droplet.
Applying two lights of the same wavelength at the same time led to controlled release of the
core, which allowed carbon particles that had been inserted into the core to be selectively
unloaded at a desired location after being transported to the location area in the light activated
double emulsion droplet.
In Chapter 4, the MCH+:DBS- droplet was used to develop a chemotactic system in
collaboration with researchers at the National Centre for Sensor Research, Dublin City
University (DCU), Dublin. In a rectangular shape channel with the organic droplet at one end,
addition of NaOH to the aqueous solution at the other end created a pH gradient. Once the
droplet sensed the alkaline ions, deprotonation of protonated merocyanine induced a change in
interfacial tension in the droplet, which resulted in Marangoni flows inside and outside the
droplet and ultimately moved the droplet.
The droplet motion in the simple channel was initially achieved in pure water, and later on in
surfactant-containing aqueous solution leading to a lower induction time (time needed for the
base to create a pH gradient through the channel and interact with the droplet) and faster
response of the droplet. This chemotactic behaviour was used to test the ability of the droplet
to solve a maze, which was successful. However, droplet motion within the maze was slow and
erratic, and this led to further study in collaboration with researchers at the Max Planck Institute
for Dynamics and Self Organisation in Göttingen, Germany where the droplet motion could be
tracked and modelled. As a result, it was demonstrated that the droplet showed two different
modes of motion, which appeared to be pH dependent.
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Then, the movement was achieved in 3D conditions, in which an alkaline gradient was created
as a “waterfall” of base through the aqueous medium and it was shown that droplets could
move up the waterfall base gradient toward the source of the chemoattractant. Despite this
success further work needs to be done to understand and better utilize this 3D movement.
Inspired by the ability of protonated merocyanins to interact with base, two synthetic
protonated merocyanines were utilized as sensor on paper for amine or ammonia detection.
This was done by exposing the protonated merocyanines absorbed on filter paper to base
solutions or vapor, which changed the color of the yellow protonated merocyanines to
pink/purple merocyanines. While variable and irreversible results were obtained with base
solutions, both protonated merocyanines responded consistently and reversibly to the vapor of
the amines and ammonia used. This proof-of-concept use of merocyanines as paper sensors
needs much more work to demonstrate the sensitivity of the materials.
In Chapter 5, different applications of the phototactic droplets were demonstrated. SP:HDA
and MCH+:DBS- droplets were used for photopolymerization in aqueous solution. These
droplets were utilized to carry a photoinitiator to the point of a monomer droplet and effect a
light-activated polymerization. To achieve the best conditions, six systems of different
compositions were explored. A higher polymerization rate was obtained by using an alternative
photoinitiator, BAPO. The photosensitive property of the photoinitiator made it possible to
remove SP from the droplet composition and utilize only the photoinitiator in the droplet to
achieve droplet movement. This simple phototactic droplet was used for photopolymerization
in aqueous solution and was then utilized for applications such as to repair a leaking vessel and
the adhere of two materials together under water. While this was the first example of achieving
droplet-based polymerization under water, only one droplet of the two required could be moved
with light and further work needs to be done to be able refine this system such that both the
photoinitiator and the monomer droplets can be moved with light.
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A further application developed was creating a leak in a vessel. This was done by using the
solvent in the droplet to dissolve a parafilm coating on a hole in the vessel. Piercing the hole in
the paraffin film was done by changing the droplet solvent to a corrosive solvent in the droplet
composition. By directing droplet movement toward a desired point of the hole covered by the
parafilm, water leakage in the tank was created demonstrating the possibility of using
photoactive droplets to remotely empty tanks.
The ionic properties of an MCH+:DBS- droplet were exploited by using the droplet to complete
and electrical circuit and turn on an LED. This was achieved by directing the droplet movement
between two electrodes located in the solution.
The interaction of the movement of SP:HDA droplets on a wet surface with air bubbles was
also studied. The results showed that the outcome depended on bubble size. While air bubbles
smaller than 1 µL were pushed by the droplet, those bigger than 1 µL popped after collision
with the droplet.
Finally, the movement of MCH+:DBS- droplets on a hydrophobic surface were investigated. In
this case droplet moved on the Teflon surface and after approaching to the water edge, it
expanded the water/air interface. This behavior was used to mix two or several water droplets
on the surface. Moreover, it was utilized for conducting a polymerization reaction for synthesis
of nylon. This simple system could be utilized to design multiple chemical reactions.

6.1.2 Future work
In order to better exploit the successful droplet studies described above, more studies of both
the mechanism of motion as well as of applications are still needed, some of which are proposed
below as future work.
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6.1.2.1

Effect of different surfactants for droplet motion

As mentioned before, the SP:HDA droplet moved in the aqueous solution containing sodium
dodecylbenzenesulfonate (SDBS) as an anionic surfactant. The direction of droplet motion in
other surfactants such as sodium dodecyl sulfate (SDS) with a similar structure to SDBS or
cetrimonium bromide (CTAB) as a cationic surfactants could also be investigated in order to
better determine the role surfactant plays in the motion.

6.1.2.2

Effect of salt concentration in aqueous solution on the shape of droplet

As mentioned in the Chapter 3, calcium chloride is needed in the aqueous solution for SP:HDA
droplet formation. The range of concentration of this salt, which would allow to obtain a
reasonable droplet shape could be investigated.

6.1.2.3

Study of MCH+:DBS- droplet motion on a super hydrophilic surface

In the case of MCH+:DBS- droplet, it was demonstrated that this droplet was able to move on
hydrophilic surfaces (glass surfaces treated with Piranha solution) as well as on the Teflon as
a hydrophobic surface. An initial attempt was made to drive the droplet on a silicon surface as
a super hydrophilic substrate, which showed motion in response to light (Figure 6-1). A more
systematic study of this droplet bahavior on this surface could be done.

Figure 6-1. MCH+:DBS- droplet incorporated in a water droplet on a super hydrophilic surface.
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6.1.2.4

Water-based droplet movement on a dry surface

In this thesis, all developed systems were organic-based droplets (contained an organic solvent)
that moved in an aqueous solution. Regarding this, the other interesting idea would be
introducing a water soluble spiropyran-contained droplet on a super hydrophobic surface to
develop a water-based droplet, which might be able to move on a dry surface (Figure 6-2).
Since light-induced isomerization of SP to MC creates a change in the interfacial tension,
applying light on the droplet would likely result in droplet movement.

Figure 6-2. A droplet of a water soluble spiropyran on a super hydrophobic surface.

6.1.2.5

Calculating the force needed for droplet movement

The force needed to move a droplet with light could be measured by applying a physical force
on droplet. This means that the MCH+:DBS- droplet could be introduced into a glass tubing,
which is placed in a petri dish filled with water. Upon irradiation 365/405 nm light, the droplet
should move toward light. While the droplet is moving, applying a flow of water in a direction
opposite to the direction of droplet motion should prevent droplet motion. A gradual increase
of the flow rate, which could be applied by using a syringe pump, could lead to determining a
stage in which the droplet could no longer move with light and would move in the direction of
flow (Figure 6-3). This set up could be used to calculate the force, which is needed for the
droplet movement.
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Figure 6-3. Representation of the light-induced movement of MCH+:DBS- droplet against a flow of
water.

6.1.2.6

Designing 3D swarming of chemotactic droplets

Swarming behavior is a significant phenomenon present not only in biological systems but also
in man-made systems.1 Given that a MCH+:DBS- droplet can follow an alkaline stream, this
chemotactic effect could be used to achieve droplets swarming. In this case, a number of
chemotactic droplets would be suspended in the aqueous solution. Release of the
chemoattractant (from a capillary tube) might cause the droplets to move toward the source
and cluster around the tube opening (Figure 6-4).

Figure 6-4. Schematic representation of the chemotactic droplets suspended in the aqueous solution
(a) before and (b) after being directed toward a chemoattractant in 3D.
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